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ABSTRACT
This thesis reports a theoretical study of the optical properties of disordered single 
quantum wells (QWs) produced by interdiffusion between the well-banier interface which 
results in a non-square QW. An error function and a hyperbolic function aie used to 
model the confinement profile of interdiffused QWs, where an analytical solution is 
obtained for the former while only numerical solution is possible for the latter. The 
models developed here are all based on room temperature properties for the 
AlGaAs/GaAs, InGaAs/GaAs, and InGaAs/InP material systems. The subband stmctures 
aie calculated with the consideration of conduction-band non-parabolicity, valence band- 
mixing, and spatially dependent stiain and effective masses due to the non-lineai* 
confinement profile. Excitons are also included in addition to the continuum states below 
the banier band-edge.
The results demonstiate a non-monotonic vaiiation of the subband-edge, the 
refractive index peaks, and the bnefringence duiing the initial stages of interdiffusion. 
The model also predicts strong lateral confinement of photons for the puipose of 
waveguiding in selectively disordered QW structui*es. The quantum confined Stark effect 
in disordered QWs provides a laiger Stark shift and a much reduced absoiption peak than 
the square-QW case, thereby demonstrating that such non-squaie QWs may provide a 
higher ON/OFF ratio and a lower diiving voltage^ electi'oabsoiption modulators. The 
intersubband transitions of the disordered QWs can increase the detection wavelength 
range in the far IR region with an almost constant absoiption peak, which may be used 
to produce a wide bandwidth detector. The effect of strain provides an extra degree of 
freedom to tune the absorption edge of the disordered QW aiound 1 pm, and because of 
strain, the amount of disordered band-edge shift is enhanced. A novel profile of two 
mini-wells in the valence-band are created for the case of cation interdiffusion of 
Iiio 5 3 Gao.4 7 As/InP QWs; initial results show confinement of caniers within the mini-wells 
which may give rise to interesting tiansitions for optical applications.
The results presented here show that non-square QW produced by QW disordering 
may be modeled by eitlier hyperbolic or error functions and aie potentially veiy useful for 
the modification and optimization of optoelectronic device characteristics.
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Chapter 1
Introduction
Information technology in the 21st century will probably rely on light as heavily 
in signal processing as it does today on light transmission. The vast information-cairying 
capacity of optical fibers will be connected to the vast connectivity of optoelectronics.
Each new wave of signal processing hardware will have more optoelectronics 
embedded in it and, by the year 1995, the first specialized applications are expected to 
appear. While there may not be pure photonic switching and waveguiding by the year 
2 0 0 0 , there certainly will be abundant optoelecü'onics; for example, optoelectronic links 
will interconnect printed-circuit boards, multichip modules, and equipment frames. By 
the year 2 0 1 0 , optoelectronic switching could bring both the business community and 
residential customers a full range of broadband services : video, high-definition television, 
and switched videotelephone conversations and conferences; fast data file transfers and 
information retrieval; data exchange for diskless workstations; and animated graphics, for 
example, all which will be in addition to today’s voice and data services.
A future optoelectronics office for telecommunications will support more than 
10,000 channels, each with a" information rate greater than 150 Mb/s. The aggregate bit 
rate for the office’s switching fabric will be greater than 1  million megabits per second 
(1 terabit per second). In contrast, today channel bandwidths are 64 kb/s, and an 
electronic office handles an aggregate bit rate of less than 15 Gb/s.
The advance of semiconductor growth techniques, such as molecular* beam epitaxy 
(MBE) and metal organic chemical vapour* deposition (MOCVD), enables the growth of 
thin layers (down to 1 0 Â) of high quality semiconductor* materials and therefore per*mits 
the construction of lattice matched (e.g. AlGaAs/GaAs) or slightly mismatched (e.g. 
InGaAs/GaAs) heterostructures known as quantum wells (QWs) [1.1]. These QWs give 
new physical mechanisms that can be engineered at the atomic level to give new devices. 
In optics and optoelectronics, QWs enable the fabrication of low-energy, high-speed 
optical modulators and switches. A very important aspect of these devices is that they
are compatible with existing optical (such as waveguides, modulators, and diode lasers) 
and electronic devices, thereby enabling optoelectronic integration circuit.
Of these QW devices, an electro-optic modulator known as the self-electro-optic- 
effect device (SEED) [1.2] is particular* useful in optical logic arrays. This device 
structure lends itself to fabrication in large arrays on a single wafer* for parallel processing. 
A SEED is a pair* of p-i-n diodes with quantum wells (QWs) in the intrinsic region. The 
diodes are electrically connected in series and reverse biased. One of the diodes is on 
(reflects lights) while the other* is off (absorbs light), and the ratio of the powers of the 
light beams directed at each of these diodes determines which one is on or* off. The 
reflected differential light beams may then be processed through a lens or hologram to 
subsequent SEED an*ays which thus constitute the required output channel.
The strength of the SEED is that large an*ays of small devices can be fabricated. 
Using an AlGaAs/GaAs multiple-QW structure, workers at AT & T Bell Laboratories 
have fabricated, 128-by-256 an*ays (32K elements) of SEED pairs using MBE [1.3]. The 
weakness of the devices is that they require too much energy to switch; at present they 
need about 1 picojoule to change state. One of the potential advantages of the non-square 
QWs, as will be discussed in this thesis, is that it may be of use for* the reduction of the 
switching power of these devices.
One of the reasons^ using QWs in optoelectronics is to improve both the device 
perfor*mance and fabrication technology by exploring the ability to engineer the material 
bandgap and band-edge properties [1.4]. This would ultimately change the operating 
wavelengths and both its optical and electronic characteristics for high performance 
optoelectronic applications. Most of the QWs utilized so far* me square (i.e. they have 
rectangular composition and confinement potential profiles) and recently non-square QWs 
have been produced and used to tailor the material characteristics to further improve 
device per*formance and to create novel fabrication techniques for* optoelectronic 
integration. Since the QW subband structure is altered due to the modification of the 
confinement profile from the as-grown square-QW, the interband tr ansitions and complex 
dielectric function of the QW is also varied accordingly for photon energies around and 
below the bandgap of the str*uctur*e which results in a change of the refractive index and 
absor*ption coefficients of the material, and hence its optical properties. One such non­
square QW is that produced by interdiffusion across the heterointerfaces of the QW,
resulting in composition and confinement profiles which aie described by eiTor functions. 
Here, an as-grown undoped AlGaAs/GaAs square-QW is annealed, which 
thermodynamically induces the non-equilibrium as-giown atoms such as Al and Ga to 
move and diffuse through the heterointerface to form a non-square confinement profile. 
However this interdiffusion process in as-grown undoped structures is quite slow; for 
instance, in a 100 Â wide Alo,2 4 Ga<)7 6 As/GaAs QW, an annealing temperature of 950”C 
for 10 minutes yields a band-gap shift of only around 6 meV [1.5].
Since the discovery of impurity induced layer disordering (HD) of QW structures 
in 1980 by Laidig and Holonyak et al. [1.6], and that of impurity-free HD in 1986 by 
Deppe et al. [1.7], there has been a giowing research effort to understand QW disordering 
mechanisms and to utilize the HD process for tlie fabrication of improved devices. This 
process can produce interdiffusion across the heterointeifaces of the wells and barriers, 
such as AlGaAs/GaAs, at a much higher rate; for instance, in a 100 Â Alo.2 4 Gao.7 6 As/GaAs 
with 10^  ^ cm“^  Al dose implantation, an annealing temperature of 950”C for 15 seconds 
yields a band-gap shift of around 30 meV [1.5]. This makes the process especially 
interesting and important for device fabrication. If the impurities aie intioduced 
selectively, such as by masked implantation or diffusion, into the desired regions of a QW 
stmcture, a modification of the band-gap and a refractive index step would result between 
the as-gi'own and the disordered regions [1.8]. The IID process therefore enables a planar 
process to be used to fabricate 3D devices such as optical waveguides, modulators, and 
lasers on a single substrate and makes optoelectionic integration a reality [1.9].
The aim of the research described in this thesis is to model the optical propeities 
of disorder non-square lattice matched and strained QW structures with and without strain, 
and to investigate its applications to novel device fabrication. Two important optical 
paiameters will be discussed in detail, the absorption coefficient and refractive index, 
which detemiine the dominant characteristics of photonic and optoelecti’onic devices. 
These chaiacteristics may be modified by choosing different material systems, the extent 
of interdiffusion, the structure of the as-grown QW, the amount of strained introduced, 
and the influence of external parameters such as an applied electric field. This is 
extended further to the electro-optic effect, which depends on the amount of change of 
absorption coefficient and refractive index with respect to the applied field, as it is an 
important characteristic of modulators or switches built from interdiffusion induced QWs.
The barriers of tliese QWs aie not abrupt, as in the case of the square QW, and are 
tilted with a slope, so that the switching ability should be quite different and may give 
less switching power consumption and higher ON/OFF ratio. Another application of the 
present study is to model the refractive index step created between two aieas of different 
interdiffusion extent due to the introduction of UD, where wavelength regions of guiding 
and anti-guiding can be predicted and explained. In general a larger of
interdiffusion will give a laiger band-gap and hence a smaller refiactive index, where 
lateral confinement of photons in waveguides can be achieved. The subtlety is the change 
of density of states after interdiffusion, thus tilting the tail of the refractive index spectrum 
at wavelengths longer than the interdiffused band-edge where anti-guiding can be found 
in a certain wavelength range, as it has been reported in IID waveguide experiments. This 
study reports the state of the art results in such structures and provides the most 
comprehensive chaiacterization of these süuctuies in order that the disordering process 
may be used for device design and fabrication with great effect.
In Chapter 2, a brief review of non-squaie QWs with a non-lineai* profile is 
presented, this includes the paiabolic shapes, hyperbolic shapes, and eiTor function shapes. 
In Chapter 3, two interdiffusion induced confinement profiles proposed to model the 
post-processed IID QWs. One i s the eiTor function derived from the diffusion 
equation according to Fick’s second law, the other 1 5 a hyperbolic function, which is 
only fitted to the diffusion parameters, to approximate the interdiffusion induced QWs. 
These two models agree well within a range of interdiffusion lengths. Chapter 4 
with the absorption properties of the interdiffusion induced QWs, these include the inter­
band exciton spectra and inter-subband absoiption spectia. The refiactive index step is 
presented in Chapter 5 together with the absolute refractive index and the birefrj^ence for 
different of interdiffusion. The electro-optic effect is discussed in Chapter 6  in
terms of the change of excitonic absoiption and refractive index due to the applied electric 
field, and then followed by the biiefi^ence and ON/OFF ratio for various interdiffused 
QWs. The effect of stiain is discussed in Chapter 7, where the InGaAs/GaAs strained 
confinement profile, its subband str ucture and absoiption coefficient are presented. The 
group n i  interdiffusion in the InGaAs/InP system is also presented, where a very different 
confinement profile with two mini-wells is produced in the valence band. Finally 
conclusions are drawn in Chapter 8  and future work is proposed.
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Chapter 2
Review of Non-Square Quantum Well (NSQW) 
Structures and Devices
2.1 INTRODUCTION
Over the past decade there has been a rapid and intense development of quantum 
well (QW) devices for many applications including optoelecti'onics. Extensive reviews 
of the properties of quantum well structures extending from the basic physical principles 
to device applications have been published. They include topics such as the electronic 
and optical properties of QW s and supeiiattices (SL’s) [2.1-2.4], physical properties of 
QWs for optoelectronics [2.5], digital optical devices [2.6], optical modulators [2.7], 
optical switches [2.8], and electroabsoiption devices [2.9, 2.10].
However, to date most of the developments in QW devices have been based on 
symmetiic square (rectangular) single wells, as shown in Figure 2.1(a), and in structures 
containing a number of such periods, i.e multiquantum weUs (MQW), known as 
superlattice (SL), which leads to the formation of a large number of naiTow bands within 
the conduction band (minibands). In this thesis these structures are referred to as "square- 
weUs", whilst wells whose band-edge potential varies along the giowtli direction are called 
"non-square quantum wells" (NSQW). These carrier confinement potential profiles (or 
simply well shapes) may be linearly or non-lineaiiy varied, for instance due to a var iation 
of the alloy composition (denoted by x in the system such as Al^Ga^.^As/GaAs) of III-V 
semiconductor along the growth axis, and are known as linear or non-linear profiles. It 
is now accepted that squar e QWs represent an improvement over epitaxial materials which 
do not utilise the quantum confined size effect, and these QWs are promising for some 
electio-optic applications [2.8]. Although, QWs do present the possibility of varying the 
canier confinement properties by varying the well width, in many applications this 
parameter alone is not sufficient to produce a structure with tlie desired properties. 
Consequently more complex stmctures which vary the properties of the quantum well are
requfred to allow more flexibility in deteiTnining the properties of the confined states. In 
the past, most of the NSQW’s have been produced by the application of an external 
electric field to a square well, which results in an asymmetric well with a par allelogram 
shaped potential profile, such as the one depicted in Figure 2.1(b). However, recent 
advances in MBE growth techniques, such as atomic layer epitaxy [2.11], and pulse beam 
techniques, such as pulsed molecular* beam epitaxy [2 .1 2 ], have enabled the growth of 
single atomic layers of good quality. In tur*n, these developments have enabled NSQWs 
to be fabricated, where a graded composition of the alloy is created along the growth 
direction; a selection of such shapes are shown in Figure 2 . 1 . It can be shown [2.13] that, 
irTespective of the exact spatial variations of the potential profile and effective mass at the 
graded well-barrier* interface, the bound state energies of the NSQW may coincide with 
that of a square well having an effective thickness which is slightly larger than the 
nominal QW thickness L. It is also true that the well shape does not play an important 
role deter*mining the exciton binding and emission energies so that an NSQW can 
effectively be replaced with a square QW of width and still be able to obtain a 
reasonably accurate value for* the above energies [2.14]. However, for the NSQW, the 
physical properties are quite different and thus it permits the ability to modify the 
electrical and optical properties of the QW. For example, it is expected that the position 
of the quantized energy levels of the quantum well ar e more sensitive to the profile of the 
NSQW than to its width and depth in the case of a square well [2 .1 2 ], and therefore is 
a potential candidate for* fast switching devices. In the presence of an electric field, the 
tunnelling rates of the carriers into and out of the well are also extremely sensitive to the 
shape of the QW. In optical modulators, the tunnelling rate for electrons and holes needs 
to be kept approximately equal in order to avoid space charge build up and this can be 
accomplished by the use of an NSQW witli asymmetric banier compositions [2.14]. 
Consequently, the properties of these NSQW’s ar*e clearly of interest due to their ability 
to modify the position of the quantised energy levels, the effective quasi-two dimensional 
band structme, the properties of the confined carriers, and therefore the properties of the 
quantum well stiucture, which may well result in interesting new device concepts.
NSQW shapes can, in general, be considered either as steps [2.15-2.20], linear* 
[2.21-2.31], or non-linear* [2.32-2.69]. They can be treated as a thickness-graded- 
superlattice [2.12, 2.21, 2.32, 2.34], a composition-graded-superlattice [2.31, 2.37, 2.45,
2.62], or as a smooth, continuous, potential profile, such as that created by thermal 
interdiffusion at the well-banier interface [2.48-2.69], (see Figure 2.2). Although any 
modified well shape may be created by these methods, then* physical properties, such as 
their resonant temporal behaviour [2.40] and the magnitude of the laiger high level 
transitions [2.34] may be quite different, when used in an active device, as described in 
the following sections, and may result in very different device characteristics.
In this review, some of the non-linear types of the NSQW shapes will be 
summarize^ although many complicated structures can also evolve, such as various 
staircase profiles combined with highly non-lineai* graded profiles, or, lower dimensional 
stmctures, such as quantum "wires" and "dots". The QW quantized states will be 
considered here to be confined in one dimension only, that is the quasi-two dimensional 
stmctures. Although an effective bulk band structure along the transverse non-confined 
planar* region appears, it is not Heated in detail here as tlie QW effect in devices is 
governed by the confined direction quantized states. The election gas (or an electron-hole 
plasma) in the doped devices is fundamentally linked to the many-body effect whether the 
cartier populations are created by modulation doping or by optical stimulation. Recently, 
much of the research and development in QWs has been concerned with transistor* 
devices, such as the HEMT (high election mobility transistor), which are doped str uctures, 
while only optical devices are considered here which are mainly undoped in the active 
region. It is important to emphasize that both electronic and optical devices have then* 
merits and shortcomings; an integrated optoelectronic device is one of the solutions that 
takes the advantages of both in order* to create a system that will perform at a higher 
level.
2.2 PARABOLIC QUANTUM WELL
The first, and probably the simplest non-linear* confinement potential profile QW 
studied, was the parabolic QW, as shown in Figure 2.1 (i). This is in part motivated by 
the classical consideration of a harmonic oscillator in which simple analytical solutions 
can be obtained and its physics is well understood.
Although a quasi-parabolic well (thickness-graded-superlattice) was realised some
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time ago by R. Miller [2.32], interest has grown recently in this type of NSQW. In 
comparison to square QW’s, parabolic quantum wells (PQW’s) have been shown to 
exhibit properties such as a nearly uniformly spaced density of states distribution for 
electrons and holes [2.32, 2,36-2.38], resonant tunnelling at room temperature [2.38], 
stronger exciton confinement [2.35] and lower leakage currents [2,36] than in square 
wells.
The effective PQW of R. Miller was generated by a thickness-graded-superlattice, 
as shown in Figure 2.3, and it assumes one value of effective mass tlrr oughout all layers 
and a well of infinite depth. This is supported by a perturbation calculation to take into 
consideration the variation of effective mass with material composition and the results 
show that the spacing of the quantised energy levels varies by only a few percent, as 
indicated in Table 2.1. One of the main advantages of the harmonic oscillator PQW 
stmcture is that it enables the band offset to be estimated using the evenly spaced energy 
ladder [2.33], although band offset varies according to different authors [2.70-2.73].
Table 2.1: Experimental and calculated energy-level spacings for parabolic quantum
weUs [2.32].
Experiment Approximate
Calculation
"Exact"
Calculation
L = 510 + 35 Â, X = 0.30
AB, (meV) 22.3 33.5 31.3
AEhh (meV) 8.4 5.4 5.2
AEjh (meV) 16.9 1 2 . 2 1 1 . 8
A E ,/A E i^ 2.65 6.19 6 . 0 2
L = 336 ±  25 Â, X = 0.30
AE  ^ (meV) 33.1 50.8 48.2
AEhh (meV) 12.4 8 . 2 0 8 . 0
AE„, (meV) 23.7 18.5 17.7
AEe/AEj^ 2.67 6.19 6.03
The energy levels in a PQW can be expressed by :
£,=2(t-V4)± 5 5  (2 . 1 )
m*
where r  = e(electi'on), h(hole) and QjAEg = AE^ .^ It may be used to express the ratio of 
equally spaced election and hole energy levels by :
AE, Q, <  (2 .2 )
1-G.
where the fraction of the conduction band banier height partitioning Q. (Q^ = 1  -  Q  ^ is 
the corresponding valence band value) can be solved once AE  ^and AE^ are known. This 
is the first time that the band offset 85/15 rule of Dingle has been shown to give way to 
the more favoured 60/40 or 70/30 rules that are widely used today for the AlGaAs/GaAs 
system [2.73].
Light scattering investigations of photoexcited effective PQW’s have also been 
carried out [2.34]. This is an ideal method to probe and determine the potential profile 
of the quantum well by an accur ate determination of the alloy composition together with 
the transitions between subband levels from resonant Raman scattering using optical 
phonons. This method has produced band offset values of Q  ^ = 0.7 and intraband 
transitions IE2  -  E^  | > IE3  -  E2 I, see Figure 2,4. This unexpected result arises because 
a layered structure is used to simulate the PQW instead of a stmcture with a continuous 
potential profile and it is supported by the results of Pdtz et al [2.74].
The effective PQW of R. Miller [2.32] did not consider the difference of exciton 
binding energies, which was included in the analysis of Yang and Yang [2.35] who used 
the envelope function approach under an applied field, see Figure 2.5. Numerical results 
based on a variational method of the exciton binding energies and the Stark effect, 
produced results of sublevel energies for electrons. The exciton binding energy of about 
10 meV at L = 100 Â, which is shown in Figure 2.6, is a little larger than that of a 
quantum well, which has an energy of 9 meV at L^ ff = 84 Â. This result therefore shows 
stronger confinement in a PQW than in a square QW.
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The PQW under an external applied field has been solved analytically by Chuang 
and Ahn [2.42], where they demonstrate the physics of the electro-optic and 
electi'oabsoiption effects. Theii* model is based on an infinite PQW, but only the lowest 
conduction and heavy hole quantized levels and the parabolic band structure are 
considered, while excitonic effects are neglected. The potential is modeled by :
V(z) = VzKz^ (2.3)
where K is the curvature of the parabola which was obtained by fitting to R. Miller’s data 
[2.32]. Tire resulting wavefunctions resemble those of a displaced harmonic oscillator 
with the wavefunction expressed in Hermite Gaussian functions, which are shifted in 
opposite directions, as shown in Figure 2.7. The coiTesponding energy levels are given 
by :
E~(!t*'A)Çt?Klm;T-(Kll)(eFIKŸ . (24)
The shift of the energy levels due to the presence of the field is given by :
AE/PQW) = E ( -  E((F=0) = -^ i(e 'F % ), (2.5)
and the corresponding shift in an equivalent infinitely deep square well (ISQW) is given 
by :
A £ ,( /S e m = E ,- £ , ( £ = 0 ) = ( A ) i f 5 p ^ 5 ^  . (2.6)
These wavefunctions are plotted in Figure 2.7 (a) as a function of the confinement 
position and their stark shifts, as shown in Figure 7 (b), show more nonlineariity with the 
applied field than for the square well case. Both interband and intraband optical 
transitions were investigated using Kane’s model [2.75] and the intersubband relaxations 
are also considered, assuming the Lorentzian broadening. The change of the absorption 
coefficient and the refractive index observed for the TE polarization along a single PQW 
layer, as a function of field strength due to the interband and intraband transitions, are 
shown in Figures 2.8 and 2.9 respectively. The results clearly show a strong electro-optic 
effect due to interband transitions under the applied field, which is due to the shift in the 
quantized energy of electrons and holes. The effect of the field on the intraband
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ti'ansitions remains weak and ai'ises because all of the election quantized energies are 
shifted by the same amount.
IR Intiaband ti’ansitions in an infinitely deep PQW have been predicted and are of 
use for its application as an infraied detector due to the possibility of a lower leakage 
cuiTent in comparison to an equivalent device fabricated using square QW’s [2.36]. The 
PQW may be considered as an isolated QW or as the sti’ucture of a SL, as shown in 
Figure 2.10 (a) and (b) respectively, where the latter structures were analyzed using a tight 
binding method. The oscillator strengths for the ground state to first excited states aie 
mo/m* and 0.96 mg/m* for a single PQW and square QW respectively. In terms of a 
PQW-SL, the response of the structuie to photon wavelengths ai’ound 10 pm, gives a 
miniband width of about 12 meV and an absorption coefficient of about 700 cm‘^ ’ as 
shown in Figure 2.11. The effects of the finite baiiier height for a realistic graded well 
were not considered here. PQW-SLs may provide lower leakage cuirents due to 
tunnelling, since the ground state baii’ier thickness is always thicker than that of the 
excited states, which is^contrast to the case of the squaie QW-SL, as shown in Figure 
2.10 (b). Also, the Stark shift in PQW structures does not depend on the energy of the 
states as they are equally spaced. Therefore, once the device parameters are optimized 
for a particular wavelength range, the device operation is not sensitive to variations of tire 
applied field. This is in contrast to the square QW which has a quantization energy 
dependent Stark shift [2.76].
The first obser-vation of resonant tunnelling (RT) in a bipolar transistor using a 
PQW base with the aim of producing equally spaced peaks in the collector char acteristic, 
as shown in Figme 2.12, has been reported by Sen et al [2.37]. They fabricated effective 
PQW structures with short a period (15 Â) AlGaAs/GaAs SL to enable the electrons to 
sense the local average composition as a smooth effective PQW, since the de Broglie 
wavelength of the electrons in GaAs is 140 Â for = 120 meV, which is much greater 
than the period Lg of the SL. The I-V characteristics of sample A, which contains a 
300 Â wide SL, shows five equally spaced resonance peaks, whilst sample B, which 
contains a 432 Â wide SL, has up to 16 resonance peaks, as shown in Figure 2.13. 
However, this resonant tunnelling is cariied out at « 100 K, and subsequently Chou et al 
reported 11 resonant tunnelling peaks in a 31.5 nm wide AlGaAs/GaAs quasi-PQW 
str-ucture at room temperature [2.38]. The possibility of observation at room temperature
12
is due to the PQW sti’uctiue having a minimum energy level spacing of 46 meV, which 
is almost two tunes larger than the thermal excitation energy (26 meV) at room 
temperature. Temporal behaviour in resonant tunnelling structures between smooth and 
tliickness-gr aded double banier PQW profiles has been reported by Neofotistos et al using 
a Gaussian wave packet incident upon the PQW [2.40]. Their results show that the time 
dependence of the effective layered PQW microstructure is quite complicated and different 
to that of the smooth PQW. In the smooth PQW, the exponential decay law takes place 
after a short time, see Figure 2.14 (a), while in the effective PQW the decay law develops 
slightly later so that the resonant probability amplitude inside the well decreases rather 
rapidly, see Figure 2,14 (b). Resonant tunnelling effects in PQW are important because 
they can find applications in devices for high speed signal processing including optical 
logic devices.
In the above discussed PQW, the wavefunctions are obtained by either, considering 
the lower portion of an infinite range parabolic potential profile, where the Schrttdinger 
wave equation for the carrier is solved by taking the solution of the harmonic oscillator 
[2.32, 2.33] or, by considering the entire infinite parabolic profile, solving the Schrôdinger 
wave equation for all the energy levels, and then using its lower eigenstates [2.36, 2.42]. 
These two methods are approximately valid only for the lower subbands and are 
essentially the same. Moreover, the PQW simulated by thickness-graded superiattrce 
should be properly modelled by an MQW calculation with coupling and not a single-QW. 
Also, it may not be realistic to model the smooth potential profile of finite banier QW’s 
with a parabola whose solutions are actually for an infinitely deep QW. In certain 
circumstances, such as deep banier QWs or very naiTow QWs, these models may apply 
to levels of the ground state and the fust excited state.
2.3 DISORDERING PROCESS INDUCED NSQW
In the ten years since the first demonstration of the phenomenon of impurity 
induced disordering (IID) [2,77, 2.78], considerable effort has been devoted to studying 
and utilizing this effect for the application to integrated optoelectronics [2.79]. [The 
process of QW "disordering" is sometimes used in the literature synonymously with the
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process of QW "mixing" although the physical meaning of the terms itself may be 
different.JIt is becoming increasingly apparent that this effect is an almost universal one, 
being observed in a wide variety of III-V alloy systems as well as being induced by a 
wide variety of impurity species. Studies have been caiTied out using surface diffusion, 
ion implantation and doping during epitaxial growth.
This process of IID may be used to produce enhanced disordering in the presence 
of suitable impurities since the rate for this interdiffusion process may be increased 
significantly by the introduction of specific impurities, such as Al [2.64, 2.80], Ga [2.81, 
2.82], or O [2.83, 2.84] in AlGaAs/GaAs QWs. If the impurities are introduced 
selectively at the different locations in the wafer, a refractive index step is obtained due 
to the different interdiffusion rates. The planar' process of masked implantation of 
impurities is a very useful technique for the production of selected area QW disordering 
and thus it may be used to fabricate two and three dimensional integrated optoelectronic 
devices, such as waveguides, lasers and transistors, on a single substrate [2.85].
Since the ther'mal anneahng process modifies the Ga and Al composition profiles 
in an AlGaAs/GaAs single QW structme due to the interdiffusion of Al and Ga, the 
str*ucture is transformed from an as-grown square QW (AG-SQW) profile to a graded non­
linear profile. This composition profile will determine the confinement potential profile 
which confines the carriers to the QW. The quantum confinement subband states in this 
interdiffusion induced QW potential profile have been studied theoretically using an error 
function profile (EQW) [2.51-2.54, 2.57-2.61, 2.63, 2.64], a hyperbolic function profile 
(HQW) [2.48-2.50, 2.55, 2.56], and a Green’s function model [2.69]. The advantage is 
that they rely on Pick’s second law of diffusion, with a constant interdiffusion coefficient, 
for a one dimensional diffusion process. Numerical results reported for the EQW models 
have been obtained using variational methods, multistep b ansmission resonance tunnelling 
methods, and finite difference methods.
IID was first used to produce an index guided laser [2.86] by using Zinc diffusion 
to disorder a single quantum well. However, in this case the major interest was in the 
change of tlie band gap of the material when it is mixed, so that the cuii'ent is injected 
into the active region only, thus lowering the threshold current. The change in refractive 
index and the index guiding was an added advantage. The first transverse mode guided 
laser [2.87] was reported in the same year, again, using selective impurity (zinc) diffusion
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induced disordering into the MQW structure. In this case the capping layer above the 
aiea to be disordered was removed by dry etching using a Si^N  ^mask. Then by using the 
same mask, zinc could be selectively diffused at 650®C for 40 minutes, the widths of the 
mask was changed to obtain different stripe widths of the laser active region. It was 
found that a single transverse mode was obtained for a stiipe width of 3.3 pm, the 
refractive difference between the laser active region and the GaAlAs buried active layer 
was estimated to be 0.06 (approx 2%); this change, which is small, is sufficient to produce 
no undulation in the tiansverse mode profiles. However, using this system the MQW 
layers to be disordered have to be relatively close to the surface since the source of zinc 
for the diffusion mechanism comes from the surface. More recently, an integiated external 
cavity single QW laser was fabricated by selective IID [2.88]. An active and a passive 
(disordered) section were formed to achieve low resonant losses in the cavity due to a 
blue shift of bandgap in the passive section which is transpaient at the lasing wavelength 
of the active section.
The first buried 3D waveguide was produced by ion implantation of the impurities 
at high energy (keV to MeV) using masks [2.89]. Waveguide stiipe bends were produced 
by implanted zinc impurity induced disordering during thermal annealing. Buried stiipe 
waveguide berris with avgle vaiying from 0” to 20® in increments of 2.5® were fabricated, 
and by studying the modes guided by the structures the refractive index difference was 
estimated to be approximately 0.9%. It was not possible to determine the tiue index 
difference because of the complicated (non rectangulai) shape of the guide produced by 
the mixing process. The loss in the guide was also found to be low, described as 
"semitianspaient", this reduction was thought to be due to mainly the increased 3D optical 
confinement within the waveguide.
There is some dispute about the number of modes tliat can be supported by a 3D 
waveguide produced by IID. It was found that only TE modes were supported in a 100 
period 100 Â GaAs/ 100 Â Alo gGa^^As MQW structure [2.90]. TEM was used to find that 
the disordering process did not produce simple rectangulai* waveguides, where disordering 
was found not to occur throughout all the layers in the quantum well structure, but only 
at depth between 0.1 to 0.5 pm. This sti'ucture was found not to support TM modes at 
1.15 pm iixespective of the stiip^ width used, although TE modes were found to guide light 
for stripe widths down to 3 pm. In conhast, a 29 period of 180 Â AIq 2 4 ^ 8 0  TgAs and 120
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Â GaAs MQW disordered by Si ion implantation and thermal annealing was found to 
guide for both TE and TM fundamental modes at a wavelength of 1.15 pm [2.91]. 
However the differences in the guiding properties may be due to variations in the many 
different process and material parameters. They include: fundamental differences in layer 
structure, thickness and aluminium concentr ation in the banders possibly resulting in more 
complete mixing in the case of [2.91], and different annealing conditions or different 
dopant levels.
Another stiuctuie, which contains of 75 Â GaAs/ 80 Â AlogjGaoggAs MQW with 
six wells and five barriers between two 650 Â Alg^sGa^ ^ sAs cladding layers, was used to 
measui'ed the refractive index step produced by mixing [2.92]. This structure was 
disordere using silicon diffusion from the suiface and the lateral index step calculated 
by studying the lateral mode cut off for higher order modes versus waveguide width at
1.06 pm and at a small range of wavelengths centred at 875 nm. From this study, the 
refractive index step was calculated, using a rectangular waveguide model and it was 
found that the lateral refractive index step depended stiongly on wavelength, increasing 
w'A energy towards band gap. Also the birefringence of the MQW layer can lead to a 
situation that produces lateral guiding only and the index step is always larger for the TE 
modes than the TM modes. During the anneal cycle, if an As overpressur’e was used in 
disordering the quantum wells, a lower refractive index step was produced can be 
attributed to the absence of impurity dopants or the incomplete disordering of the quantum 
wells.
Selective area disordering can also be achieved by impurity-free vacancy diffusion 
(IFVD) [2.93, 2.94] using, for example, an SiOi cap onto the sample of an AlGaAs/GaAs 
QW sti’ucture during rapid thermal annealing [2.93-2.100].
The basic mechanism is to have Ga diffused out into the SiOg cap generating 
vacancies which diffuse through the structuie and enhance the disordering at the 
well/barrier interface. The advantage provided by IFVD is the absence of impurity which 
is more ideal in optical devices. The process also creates a blue shift in the band edge 
for an AlGaAs/GaAs single QW while the room temperature exciton remain resolvable. 
The IFVD process has been applied to a reflection modulator [2.100], which enables the 
production of both normally-off and noi*mally-on asymmetiic Fabry-Perot modulators from 
the same wafer for optoelectronic integration.
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2.4 SUMMARY
In this chapter the properties of a vaiiety of non-square potential profiles are 
reviewed and theii" applications to optoelechonic devices are discussed. These profiles 
may be composition graded during fabrication or produced by impurity induced 
disordering to create different symmetrical or asymmetrical carrier confinement structures. 
The shape of the confinement potential profile of a quantum well is known to strongly'maffect the band-stmcture^these pseudo-2D materials, since the optical and electronic 
properties such as resonance tunnelling and selection rules are strongly band-structure 
dependent. Therefore different confinement profiles could give rise to different 
optoelectronic device properties for applications in realization of high performance novel 
devices and fabrication technologies. Such possibilities suggest new system architectures 
that previously would have been difficult to contemplate. More profoundly, it is hopd^that 
many of the ideas outlined in this review chapter may stimulate new device design 
realization in the future, such as the impurity induced disordering QW structures to be 
discussed in the forthcoming chapters.
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Figure 2.1 All the profiles shown are represented by the conduction band-edge, a 
similar band-edge will result for the valence band.
SQUARE WELL:
(a) no applied field (b) with applied field
LINEAR PROFILES:
(c) triangular (d) V-groove
(e) trapezoidal
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Figure 2.1
LINEAR PROFILES:
(f) sawtooth
(g) non-flat bottom (^) scissors SEED,
NON-LINEAR PROFILES:
(i) parabolic (j) hyperbolic
(k) en-or function or Gaussian.
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Figure 2.2 (a) Potential profile representative of the graded-superlattice microstructure.
Two barriers continue a short-period superlattice generated by the alternate 
disposition of thin undoped layers of GaAs ("wells") and Al^Ga^.^As 
("bai'riers"). This thicknesses of the Al^Ga^.^As layers increase 
quadiatically with distance from the microstructure centre while those of 
the GaAs layers decrease; (b) Double-barrier parabolic potential well 
conesponding to the actual graded-superlattice microstructure;
(c) Trigonometric potential well created by tliemial interdiffusion [2.40,48].
I
c
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spatial coordinate
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Figure 2.3 Schematic diagram of the system of multiple effective thickness-graded 
pai'abolic quantum wells [2.34].
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Figure 2.4 Electi'onic light scattering spectia for intiaband transitions in the 
conduction band (a) E , 2  = 25.2 meV at peak; (b) E2 3  = 23.6 meV at peak
[2.34].
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Figure 2.5 Effective potential for electrons or holes in the thickness-graded par abolic 
NSQW (21 wells of GaAs and 20 barriers of Alo^Gao^As cladded by two 
thick barriers of Alq^GagyyAs). The shaded area are barriers [2.35].
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Figure 2.6 (a) Exciton binding energies of E;,, and E„ vs the well width L for
Qe = 0.65 and various Al concentiation x in the PQW; (b) The Stark effect 
on exciton binding energies of Ej,, and E„ in the PQW with Q  ^ = 0.65, 
X = 0.3, and L = 510 Â [2.35].
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Figure 2.7 (a) A pai'abolic quantum-well sti'ucture without an applied electric field
(dashed lines) and with an applied electric field (solid lines). The wave 
functions which aie the Hermite Gaussian functions for the displaced 
harmonic oscillators are also shown; (b) A comparison of the nonualised 
energy levels as functions of the normalised electric field between those 
subbands of a parabolic quantum well (solid lines) and those of a 
rectangular quantum well (dashed lines). The width of the rectangular well 
and the curvature of the pai'abolic well are chosen such that their ground 
state energies at F = 0 are equal for comparison [2.42].
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Figure 2.8 (a) The absoiption coefficient; (b) the refractive index change An due to
the intersubband tiansitions in a parabolic quantum well. A linewidth 
r  = 10 meV and tlie cuivature pai-ameter, = 1.64 x 10“ eV/cm^ aie used
[2.42].
1000
yj 800 u
W 600
(_)
Z 400
s  200
0 015 0 035 0 055
P H O T O N  E NE R GY  (eV)
0 075
(o)
A n
0.04
0.02
- 0.02
-0.04
0.015 0.035 0 055
P H O T O N  E N E R GY  (eV)
0.075
(b)
31
Figure 2.9 (a) The absorption coefficient; (b) the refractive index change An, for the
same structure as in Figure 2.7, due to interband optical tiansitions with 
tliree different electric fields [2.42].
w)
3  3 0 0 0
Zw
u
t  2000UioCJ
zo
CLcco
<
1000
o
(a)
A n
F =0
F = 25  kV/cm
/ F a 50  kV/cm
1.40 1.45 1.50 1.55 1.60
PHOTON ENERGY (eV)
65 T\w
0.03
0.02 F * 0
25 kV/cm
0.01
F = 5 0  kV/cm
1.55145 1.65
PHOTON ENERGY (eV)(b)
32
Figure 2.10 (a) Schematic diagram of a parabolic quantum well showing the intraband
transition; (b) parabolic well superlattice showing the isolated ground states 
and miniband at the first excited state [2.36].
(a)
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Figure 2.11 Absorption constant as a function of wavelength around 10.6 pm. Here we 
assumed IR incident at Brewster’s angle and L = 122 Â, L, = 132 Â, 
Vb = 225 meV and miniband width for the parameters used is 12 meV
[2.36].
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Figure 2,12 (a) and (b) aie the band diagrams of sample A in equilibrium and under
RT conditions; (c) to (f) are the band diagrams of sample B in equilibrium 
and under different bias conditions. The wells are drawn to scale, 
however, for sake of claiity only half the number of levels in an energy 
interval aie shown [2.37].
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Figure 2.13 Current-voltage chaiacteristics at 7.4 K and conesponding conductance for 
a 1 epresentative diode of sample A under opposite bias polarity conditions. 
The vertical segments near the horizontal axis indicate tlie calculated 
positions of the resonances [2.37].
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Figure 2.14 (a) Probability of finding an electron inside the parabolic quantum well as
a function of time at resonance. The parameters of the structure in 
GaAs/Alq gGagjAs are : barrier width = 5 Â, well width = 510 Â, average 
wave packet energy = 0.156 eV, initial wave packet width = 550 >/2 Â. 
(b) Probability of finding an electron inside the actual micro structure 
(thickness-graded-superlattice) as a function of time at resonance. 
Structure parameters are the same as in (a)^with average wave packet 
energy = 0.152 eV . It can be seen that the onset of the exponential decay 
law in (b) occurs at a much later time [2.40].
time (0.5 ps)
drae (0.5 ps)
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Chapter 3
Subband Structure of Interdiffusion Induced NSQW
3.1 INTRODUCTION
The quantum confinement of carriers in semiconductor quantum wells (QW) and 
superlattice str uctures, which leads to the quantization of energy levels and the formation 
of subbands, has been studied extensively [3.1], QW structures have been used to 
improve the performance of conventional optoelectronic devices such as waveguides [3.2], 
modulators [3.3], and lasers [3.4], and have enabled the development of novel devices, 
such as self-electro-optic effect devices [3.5] and disordered delineated optical devices 
[3.6-3.14]. The characteristics of these devices are determined by the optical properties 
of the QW structure, which in turn depend on the confinement subband structure of the 
QW. The performance of these devices may be further improved by the modification 
of the QW confinement profile, such as changing the A l composition profile in a 
AlGaAs/GaAs QW structme, to produce various "non-square" QWs. One such non-square 
confinement potential profile is that due to interdiffusion of the cation across the well- 
bariier interface of a square quantum well, as a result of post growth thermal processing
[3.15], which modifies the quantized energy levels and respective wavefunctions of the 
as-grown structure[3.16, 3.17]. Consequently, the optical properties of the QW are 
modified and may be used to develop novel optoelectronic devices.
Recent progress in epitaxial growth techniques demonstrates the possibility of 
growing a semiconductor with thickness control down to one atomic layer [3.18], thus 
allowing the confinement profile of any reasonable shape to be fabricated. Thermal 
processing of AlGaAs/GaAs, such as rapid thermal annealing around 1000° C, produces 
interdiffusion across the heterointerfaces of an as-gr'own square QW (AG-SQW) which 
results in a modification of the composition and confinement profiles of the QW structme, 
and this interdiffusion process is known as "disordering" [It should be noted that in the 
literatme the QW material modified by thermal interdiffusion with or without the
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introduction of intensional impurities is synonymously termed as "mixing" and 
"disordering".] This disordering process has been demonstrated in many material systems, 
such as lattice matched AlGaAs/GaAs [3.16] and strained InGaAs/GaAs [3.19]. The rate 
for this interdiffusion process is increased significantly by the introduction of specific 
impurities, such as A l, G a, and O for the case of AlGaAs/GaAs; this process is known as 
impurity induced disordering [3.20]. In addition, if the impurities aie introduced 
selectively at the deshed location in the wafer, using for example masked ion 
implantation, after annealing, the parts of the sample which contain the impurities are 
significantly more disordered than the unimplanted parts. A difference in refractive index 
is created between the material containing the impurities and that without, due to the 
different extent of disordering, which is based on the fact that the refractive index is a 
non-linear function of the interdiffusion process. This technique of selective area 
disordering has been used to provide lateral confinement in disordered delineated QW 
devices, such as waveguides [3.8] and lasers [3.9]. Impurity induced QW disordering 
using masked implantation is a very useful planar* process since it may be used to 
fabricate two and three dimensional integrated optoelectronic devices, such as waveguides, 
lasers and transistors, on a single substrate [3.21]. Selective area disordering can also be 
achieved by impurity-free vacancy enhanced diffusion using, for example, an SiOj cap and 
rapid thermal annealing [3.13].
The subband states and optical properties of an interdiffusion induced 
AlGaAs/GaAs single QW have been studied theoretically using an enor function profile 
(EQW) [3.10, 3.16, 3.22], a Green’s function model [3.23], and a hyperbolic function 
model [3.24 - 3.27]. Numerical results which have been reported for the EQW model are 
limited to the subband ground states using a vaiiational method [3.16, 3.22], or a 
multistep transmission resonance tunnelling method [3.10], while recently a finite 
difference method has been used to study a strained InGaAs/GaAs EQW [3.28] and an 
AlGaAs/GaAs multiple-EQW [3.29]. However in the first variational method, it should 
be noted that, although the ground state energy can be obtained accurately, the error 
produced for the corresponding wavefunction is an order of magnitude higher and the 
absorption coefficient peak can be overestimated by more than 20% [3.30]. Also in this 
method, the excited states, which are essential for the calculation of the optical par ameters 
of the structure, are difficult to obtain. In practice all the bound states and a limited
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number of unbound continuum states aie requiied to enable the dielectiic function, and 
thus the optical parameters, such as refractive index and absorption coefficient to be 
calculated. For the case of a non-linear* profile, such as the error* function, the second 
method of tunnelling requires the multiplication of a large number* of matrices and thus 
it suffers from the accumulation of numerical errors and can be numerically inefficient 
and instable (especially for the high energy states) [3.31]. Also, the resonant states are 
different between a smooth profile and a graded-superiattice [3.32], so tirat extreme care 
should be taken in implementing this method. In comparison to the first two methods, 
the finite difference method is advantageous for the determination of a number of states 
in the EQW. Although this method is applied to an EQW in [3.29], the effect of 
interdiffusion (well shape) on the subband structure was not studied in detail, and constant 
values of effective mass were considered, which can lead to significant enors [3.33]. 
Consequently the study presented here provides an indepth theoretical investigation of the 
effect of interdiffusion on the subband structure in the AlGaAs/GaAs non-square QW’s. 
The advantage of the EQW is that it is an exact model which relies on Pick’s second law 
of diffusion, with a constant interdiffusion coefficient, for a one dimensional diffusion 
process [3.34]. However, it suffers from the disadvantage of not being able to determine 
the subband energies and wavefunctions analytically, which makes it difficult to analyze 
some of the physical properties of the structure for device design purposes.
The fhst part of this chapter* presents a more complete model of all the subband 
bound states and a number of continuum states in an undoped AlGaAs/GaAs single EQW, 
due to the modification of the confinement profile by the interdiffusion process. A finite 
difference scheme is used here to ensure tire accuracy of the subband energies and 
wavefunctions.
The second part of the chapter* presents the HQW model. Although this is not an 
exact model of a one dimension diffusion case, it can be solved analytically using a 
modified hyperbolic function profile and, since it closely resembles the enor function 
profile in shape, it is a simple and realistic model for the calculation of optical parameters, 
such as absorption coefficient and r*efr*active index of diffusion induced non-square QWs. 
The advantage of such an analytic solution is that it may give a better* physical insight 
into the problem. The HQW model has been used previously to calculate the dielectric 
function and to describe the photon confinement criteria for disorder* delineated
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waveguides [3.25, 3.26]. Subsequently, a brief comparison to the EQW model is also 
presented.
3.2 ERROR FUNCTION CONFINEMENT PROFILE QUANTUM WELL (EQW)
3.2.1 EQW Model
The QW str ucture modeled here is an AlGaAs/GaAs single QW, which is assumed 
to be undoped, and the effect of unintentional impurities are ignored. The barrier is also 
assumed to be infinitely thick and is approximated by a large finite banier width for 
numerical convenience and efficiency.
The extent of the disordering process is characterized by a diffusion length L ,^ 
which is defined here as = (Dt)^^\ where D and t are the diffusion coefficient and 
annealing time respectively. This definition of varies in the literature. For instance, 
some authors define as 2(Dt)^^ , see [3.22]. It should be noted that tire aim of the 
present study is to determine the effect of the interdiffusion process, which is 
characterized by L ,^ on the QW bound states rather than to determine the magnitude of 
D or t. In tire model presented here an isotropic interdiffusion of A l and Ga is assumed 
with the diffusion coefficients being independent of then* respective concentrations, which 
are also assumed to be equal and constant, i.e. according to Fick’s second law of diffusion
[3.34].
The diffused Al composition profile, w(z), across the QW structure is given by
[3.16] :
L  +2z L -2zw{z) = Wgll -  Vi[g//( " ■- ,,■) + etf{ " )]} (3.1)
where Wg is the as-grown Al mole fraction in the barrier, is the as-grown width of the
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QW, z is both the quantization and the growth axis (QW centred at z=0), and erf denotes 
the error function [3.35]. [The use of the symbol defers to the respective par ameters after 
interdiffusion.] Figure 3.1 (a) shows w(z) for different values of L .^ The AG-SQW is 
defined by = 0 and a small value of L<, corresponds to a partially disordered QW, 
whilst a large value of corresponds to an extensively disordered QW, and L  ^ > oo
corresponds to a fully disordered QW, i.e. a bulk material. Eq. (3.1) is used to obtain the 
interdiffusion induced QW parameters such as bandgap, Ëg(z), well-bairrer discontinuity, 
AËg and well depth, AÊ^ which are defined as follows:
Ej(z) = Eg(w=w(z)), (3.2a)
AË, = Eg(w«) -  B,(z=0), (3.2b)
AE, = Q, AË,, (3.2c)
where the subscript r denotes either the electron in the conduction band (C), heavy or light 
holes in the valence band (V = H or L). The interdiffusion induced EQW confinement 
profile, Ur(z), is defined here by :
U,(z) = Q, [E,(z) - E,(z=0)], (3.3)
in order to facilitate discussion, our convention is to define the zero potential to be at the 
bottom (z = 0) of the interdiffused QW and positively up in both bands except for valence 
subband mixing, which is taken to be negatively down, the absolute position of this zero 
potential (with respect to the bottom of the AG-SQW) varies witli L ;^ and Q^  is the band 
offset splitting. The cross over point (COP) potential, Ucop, r» is defined here as :
UqOP, r ~ Qr[Bg(z=yiL2) - Ëg(z=0)], (3.4)
which is the potential at the two identical intersections (due to symmetry) of the as-gr own 
and the diffused potential profiles at z = ±^AL ,^ and is measured positively up from the
bottom of tire confinement profile for both bands , see Figure 3.1 (b). The numerical
values of the above parameters are listed in Table 3.1.
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Table 3.1 Material païameter for AlGaAs/GaAs QW, itIq and e  q aie the election mass 
and static dielectiic constant, respectively, in free space.
Al,yGai_,^As/GaAs Units Ref.
Qc * Qv 0.7 : 0.3 —— 47
E g(w ) 1.424 +  1.594w +  w ( l-w )(0 .127-1.3 Iw) eV 48
A o(w ) 0.34 -  0.04w eV 49
T2(w ) 2.02 -  1.12w rtio 50
m *c(w ) 0.0665 4- 0.0835W mo 50
m ^ n C w ) 0.33 + 0.18W rtio 50
m *j.L(w) 0.09 + 0.09w mo 50
m *| ,h(w ) 0.11 +0.10W rrio 50
m*[ |l(w ) 0.20 + 0.15w mo 50
e(w) 13.18 — 3.12w Go 49
a(w) 0.0642 + 0.2733W eV^ 29
P(w) 0.697 + 0.96w eV^ 29
3.2.2 Subband Calculation of EQW
The valence subband structure is described by a multiband effective-mass 
approximation based on the k • p method of Luttinger-Kohn [3.36] .
For most HI-V semiconductors considered in optical applications, such as AlGaAs 
and GaAs, the low-lying conduction subband states aie assumed to be almost purely s-like 
and nondegenerate (excluding spin), whilst the low-lying valence subband states aie 
almost pui’ely p-like and fomfold degenerate (including spin). The envelope function 
scheme [3.1] is adopted to describe the slowly vaiying (spatially extended) pait of the 
subband states. The non-interacting election and hole states are thus described by :
and
(3.5a)
(3.5b)
respectively, where the u^’s aie zone-centie Bloch functions for the bulk materials; xj/’s 
aie the envelope functions for the QW confinement; k|| = (k, , ky) is the transverse (in-
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plane) wave vector which is in the direction parallel to the plane of the QW layer and 
pei*pendicular to z-axis; r  = r  (x,y,z), and p = p (x,y). [A notation noted on dhection, u 
z  x-y plane and JL = z-axis.]
The EQW subband edge (k|| = 0) at the zone-centie of Fg-valley symmetry can 
be calculated separately for the electrxrii and holes, using the Ben-Daniel and Duke model
[3.37] with a z-position dependent effective mass on the interdiffused composition profile, 
by the one-dimensional Schiddinger-like equation, for the envelope function \}/rt(z), which 
is written as follows :
d 1 /z)
- 1 7 - ]  + . (3 6)2 dz mj^j.(z)
where C = 1,2,... aie the QW subband levels for either the elections (CC) or holes (Vf), 
respectively; m*j^(w(z)) is the carrier effective mass in the z dhection; E^ j = E^g(k|| = 
0 ) is the subband-edge energy, and the origin of the potential energy is taken at the 
bottom of the EQW. (3.3) is solved numerically using a finite difference method with the 
confinement profile defined in (3.4) and the boundaiy condition is taken to be zero at the 
end of a finite and laige baiiier (i|/rX±Zf) = 0); in other words, the EQW is embedded in 
a well of width Lf = 2  Zf with an infinitely high banier to approximate the thick banier.
For finite k|| 0, the election non-parabolic in-plane dispersion can be modeled
by a fouith order expansion with the coefficients (Oq and Po) determined using a 14-band 
k • p calculation [3.38]. If the spin splitting term is neglected and keeping only a 
anisotropic fouith order term, the dispersion energy can be expressed as :
E^(k) = a X  + — (^ '+^ ||) + . (3.7)
2mc
Two anisoti'opic QW masses in the confinement and in-plane directions can be derived 
and expressed as :
, w) = mc*(w) [1 -  (1 -  4aEcj)^] / (2aEcj) (3.8a)
and
m*l|c(Ec«, w) = mc*(w) [1 + (2a + P)EcJ, (3.8b)
respectively, a  = a(w) and p -  P(w) are linearly interpolated from data in [3.40]; and
44
nic*(w) is the pai'abolic bulk electix)n effective mass; the numerical values of the above 
paiameters are listed in Table 3.1. It should be noted that the inequality, m*||c > mj^ c% 
holds for all well widths and, in the limit of large well widths (L  ^—> oo), the bulk effective 
mass is restored, i.e. m*||c = mj^ c* = m^*. The valence subband dispersion is much more 
complicated to solve since couphng mixes the heavy and light hole states for k|| ^  0 , 
thus preventing the diagonalization of the fourfold degenerate Luttinger Hamiltonian 
which can be solved using a standaid numerical proceduie, such as the finite difference 
method [3.39]. Alternatively, it can be solved in the neighbourhood of a high symmetiy 
zone-centi'e (i.e. k|| = 0 ) using approximation methods such as tlie one developed by 
Broido-Sham using series expansions [3.40] or the one by Chan using an effective 
Hamiltonian [3.41]. The latter approach is adopted here and is briefly described below.
This approach is based on the analogous application of the k • p method to the 
subbands where the p operator is considered in the z-diiection and its atomic orbits are 
replaced by the kj, = 0 envelope function. The coupled envelope function \|/v(k||, z) 
in (3.5b) at any finite k|| not too far away from the highest symmetry point (k|| = 0) 
can be expressed as a linear combination of the decoupled envelope functions \|/v(z) at 
k[| = 0 ,  which are obtained a priori from the solution of (3.2). The validity of the 
approximation is dependent upon a limited range of k, since only a finite dimension basis 
set for the expansion is used in practice. However, a small range of k|| neai* 0 is 
sufficient for this study of the quantum well properties, as the QW effects only manifests 
themselves near to the zone-centie subband edge. The basis for the expansion is defined 
as follows :
N  3/2 
«=1 y=-3/2
(3.9)
where V is mnning over the lifted fourfold degenerate hole states and N is the maximum 
number of bases taken in each V, and the effective Hamiltonian is :
E3 / 2 c B 0
c E 1 /2  ^ B^
B* 0 E-1/2 O'
0 B* c* E-3/2
(3.10)
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where
= (3 /4 f  (3-lla)
^0 0
L.
~ "—  7 2  ( V3 /2 ,(( )^ V-1/2 , '  (3.11b)WZq ‘p o z
= S.„£„. -  ^ k l  (3.11c)
W
= K'Eu - ^ t | | .  (3-116)
Tz(w) is the Luttinger pai’ameter, and Lf is tlie width of a square QW with infinitely high 
banier which contains the EQW as defined eaiiier. The introduction of well is to 
numerically determine the continuum levels above tlie top of the EQW. It should be 
noted that, in the absence of an applied electiic field or any other mechanism that will 
distort the inversion symmetry assumed here, the symmetric EQW confinement potential 
profile causes the valence subband to exhibit a twofold Kiamer’s spin degeneracy.
3.2.3 Numerical Results And Discussions of EQW
In the numerical implementation of the model described in section 3.2.1, all the 
room temperature values of the material païameters used in the calculation aie listed in 
Table 3.1. The chaiacteristics of the AlGaAs/GaAs EQW structuies are studied for 
different interdiffusion lengths with a fixed as-giown Al mole fraction of Wq = 0.3 in the 
baiiier and two different as-grown well widths of = 70 Â and 100 Â. A default set of 
parameters for the EQW (wq = 0.3, = 100 Â, = 40 Â) is used here to demonsUate
the effect of interdiffusion and for comparison with other QW’s, unless otherwise stated. 
The chosen default paiameter set use  ^a moderate value of which provides a strong non- 
linearity of the confinement profile in the interdiffused structme, since both small and 
large values of closely resemble "nanow-deep" and "wide-shallow" squaie weUs 
respectively, see Figure 3.1 (a). The Schrddinger equation, (3.5), is discretized into a non-
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unifoim finite difference grid and the eigenvalues aie solved by a bisection method. 
These bound states aie obtained by solving the EQW within a QW with infinitely high 
baiTiers and a width of Lf = 2000 Â for numerical simplicity. The effective Hamiltonian 
matrix, (3.6), is solved by a diagonalization method. To account for valence-band mixing 
and a better demonstration of the interdiffusion effects, a total of 46 states (Kramer 
degenerated) has been considered, which including all the bound states and a number of 
the continuum states, as the basis set in the expansion of (3.7).
A. Subband properties
The properties of the non-squaie EQW considered here differ from tliose of the 
square-QW’s. The subband-edge energy levels of tlie as-gi*own square QW are shifted 
down in the interdiffused EQW and increase in number, as shown in Tables 3.2 and 3.3; 
the zero energy references is taken to be the bottom of respective QW. Figure 3.2 (a) 
shows the first (ground) subband-edge energy (E^ and E^f) for both electrons and heavy 
holes, the interdiffused bulk bandgap, and the HI-Cl interband transition energy for the 
default EQW structure with L  ^varying from 0 to 100 Â. As L^ increases from zero, the 
subband energies increase, initially reaching a maximum at L  ^ « 20 Â for both carriers, 
and then monotonically decreases to zero as L  ^ However, the ground interband
tr ansition energy, which is defined as E„h = % + Ed + E ^ i, increases monotonically with 
Lj due to the fact that the interdiffused band-gap Ëg (of order in eV as compared to E^  in 
meV) remains almost constant for L  ^< 20 Â and then increases rapidly to approximately 
the barrier gap limit, Eg(wo = 0.3) = 1.846 eV.
Table 3.2 Parameters for AlGaAs/GaAs EQW (w=0.3, Lg=100Â, Qc=0.7) for various 
diffusion lengths L ,^ AE and E ar e the band offset energy and the total number of bound 
states in the EQW, respectively.
L ( A ) 0 10 20 40 60 100 1000
AEc (meV) 296 295 268 171 119 72 7.19
AEh (meV) 127 126 115 73 51 31 3.08
Sc 3 3 3 4 5 6 26
Hh 4 4 5 5 8 10 39
Sl 2 2 3 3 4 5 18
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Table 3.3 Subband-edge energies, measured from the bottom of the respective 
diffused QW’s, for the AlGaAs/GaAs EQW (w=0,3, L,=IOOÂ, Qc=0.7).
Subband
Level
Subband-Edge Energy (meV)
Ld=0 Â Ld=10 Â Ld=40 A Ld=100 A
Cl 31.7 45.5 30.3 8.5
C2 125.3 156.8 86.0 24.6
C3 265.3 271.0 129.4 38.9
C4 — - - 159.3 51.1
C5 — — - - 61.1
C6 — — — 68.4
HI 7.4 12.3 9.1 2.5
H2 29.4 43.0 26.3 7.3
H3 65.4 80.1 41.2 11.8
H4 111.9 113.1 53.6 15.9
H5 — — 63.5 19.6
H6 70.4 22.9
H7 — — — 25.7
H8 — —— - - 28.0
H9 - - —— 29.8
HIO — — — 30.8
LI 21.4 27.8 17.4 5.0
L2 81.7 91.7 47.8 14.3
L3 —— 67.7 21.9
L4 — — — 27.6
L5 — — 30.8
Both of these effects can be explained by the presence and movement of the COP, 
which is defined in (3.8). The COP causes the lowering and raising (with respect to the 
bottom of the diffused QW) of the subband energy levels due to a depth dependent well 
width which is wider and narrower (with respect to the AG-SQW) above and below the 
COP, respectively, see Figure 3.1. However, for small L^’s a more detailed analysis is 
required and it is presented later. The COP is always lowered (with respect to the bottom 
of the interdiffused well) as increases, which can be explained using Eq.’s (3.1) and
(3.8). For a fixed as-grown well width, as increases the increase of w at the 
wen/barrier interface (z = ViL^) is less than w at the well centre (z =0) and thus Ucop, r 
decreases. In general, the total number of subbands, 5 ,^ increases with well depth and 
width, for a fixed carrier mass and band offset ratio. As the interdiffusion proceeds.
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although the well depth decreases, the conesponding well width increase is greater due 
to the non-linear profile, and therefore increases with as shown in Table 3.2 [3.42]. 
This increase of 2^ changes the density of states at the top of the EQW, which is neither 
two dimensional nor three dimensional (buUc-like) in nature. In fact it is similar to a free 
particle tr avelling just above the top of a potential well with an unbound scattering state. 
In order to estimate the point cd which a bulk-like material is obtained, the averaged 
energy (AE) spacing between states in a subband is used for comparison and it is defined 
as AE 5 E^i -  Ej » Qj AE, /E, ; an extensively disordered QW (L  ^ = 1000 Â) gives an 
estimated average subband energy spacing of 0.2765 meV and 0.07897 meV for the 
electron and heavy hole states respectively. This means that full disordering is achieved 
in the sense of a bulk-like material for temperatures above 4 K (kT > 0.34 meV) since, 
using the kT energy and the uncertainty principle, the subbands between the true-bulk and 
the bulk-like materials are indistinguishable by measurements. However, in the = 
1000Â case, it should be noted that the subband energy spectrum could be slightly 
different from that of a tr ue-bulk material since the density of states of the extensively 
disordered material is still not as smooth as that of a tr ue-bulk material.
The effect of the COP movement is further analyzed in Figure 3.2 (b) using both 
the depth-normalized COP potential (with respect to the conesponding interdiffused well 
depth) and the first subband energy levels, which are defined as :
Ucop ~ U^op/Ëg , (3.12)
= E„ /  (Q, E j ,  (3.13)
respectively. Note that the subscript r is dropped in Ucop since the Q,’s are cancelled out 
and hence the normalized COP is independent of the type of band and offset ratio. Also,
Ain the limit of full disordering, 1)^0? is a function of only the as-grown Al concentration 
Wo and is shown as follows :
S£rw - E (y2W^)-E (0)
L ,-^0  COP e (w, ) - E (0 ) (3.14)
In the default case this limiting value is 0.5452. It can be seen in Figure 3.2 (b) that E,i 
intersects Ucop, ^s denoted by the solid dots, at about = 36 Â for electrons and =
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50 Â for heavy holes. The intersection represents the point where the subband level 
crosses the COP from below as increases. An interesting feature shown in Figure
A A3.2 (b) is that both 5 ^  and Ejj^  rise to a maximum and decrease before they reach the 
intersection (COP). Thus, the initial stages of interdiffusion (L  ^< 20 Â) deserve a more 
indepth analysis.
As interdiffusion starts, only the region very near* to the heterointeifaces produces 
a graded profile, while the regions in both the centre of the QW and in the par t of the 
banier fur ther away from the heterointeifaces remain unaltered, since the diffusing Al and 
Ga atoms, which aie located at the heterointeifaces before diffusion, do not move that far 
for a short L .^ This brief interdiffusion does not alter the well depth (from bottom to top 
at z = 0), which is the same as the AG-SQW, but does reduce the width below the COP. 
Therefore, during this initial period of interdiffusion (L,j < 20 Â), a rise in E ^  and E ^  are 
obtained which is due to a constant well depth and decreasing well width. As 
interdiffusion proceeds further (L  ^ > 20 Â), the interdiffusing atoms reach the centie of 
the well and the well deptli (AË,) starts to reduce, as shown in Table 3.2. In addition, the 
shape of the confinement profile star ts to change into a smoother non-linear* profile with 
a reduced gradient, see Figure 3.1 (a). For large L,j these effects imply a large well width
Aand a small well deptli and, since E,^  is measured with respect to the well bottom, a
Adecrease in E,j is found. A further analysis can be performed by investigating the 
var*iation of the corresponding well width at the ground state, L ^ , for different values of 
Lj, as shown in Figure 3.3, and it can be seen that Ld decreases until -  20 À is
A Areached before it star ts to increase. If Ucop Ed is fur ther normalized with respect to
then* widths and Ld, and denote them as Ucqp and Ed respectively, as shown in 
Figure 3.2 (b) with units of 10'  ^Â'  ^ on the right hand axis, it is clear* that the intersection 
occurs at L,j * 20 Â, which is also the maximum of Ed. Therefore, the shifting of the 
first subband-edge represents a combined effect on both the depth and width dependence 
of the respective EQW. The hole energy would also show a similar* effect, although it is 
not shown here.
B. Comparison of EQW with a square quantum well
The fact that the corresponding E, of a compatible squar*e-QW (an as-grown square 
well width and the same well depth as the EQW) increases monotonically to 1.0, as
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shown in Figure 3.2 (b), demonsti*ates the different properties of the two types of profiles.
AThe monotonie rise of E, in the squaie-QW case is due to a reduced well depth with 
increasing and a constant as-giown well width. In general, E, is dependent upon the 
depth and width of the QW, since both of these paiameters are varied with in the EQW 
case and therefore differ from those in the square-QW case. In fact, if either the well 
width or well depth is varied alone, a monotonie trend would result, which implies that 
accurate results in EQW cannot be obtained by approximation methods, such as the one
[3.43] which uses only an effective well width in a square-QW, even for the lowest 
subband. In the limit of extensive disordering, which is demonstrated for = 1000Â, 
where Ucqp ~ 0.004 meV for both bands with E ^  = 0.249 meV and E ^  = 0.091 meV, all 
the levels are above the COP. The above dependence of the confinement profile and 
subband movements on the well width and depth is a more complete description than the 
eaiiier reported derivation where only a nairow well results [3.12]. Consequently, a well 
broadening effect for a interdiffused QW is proposed here, with the exception that during 
the eariy stages of interdiffusion a narrower well results.
The implication of the above proposed effect is that, during early stages of 
interdiffusion, it would influence the use of measurements to extract profile properties 
using only the lowest interband transition energy. Since it is shown in Figures. 3.1 (a) 
and 3.2 (a) that, during the early evolution of the profile shape witli interdiffusion, the 
C l-H I gap remains constant, therefore it demonstrates that the use of measurements which 
determine only the ground state, such as photoluminescence [3.44], are of limited value 
and are insufficient for the accurate determination of the parameters of the interdiffusion 
process. An alternative approach is needed to measure the excited states since these upper 
states are more sensitive to the shape changes due to larger shifts in interband transition 
energies, and methods such as photoluminescence excitation [3.45] or photoreflectance
[3.46] are appropriate to gain a more complete characterization of the disordering process 
and disordered structures.
C. Non-square quantum well width
In a non-linear confinement profile, such as the one discussed here, a constant well 
width model is not accurate since the well width increases with increasing confmement 
energy (i.e. towards the top of the well). Consequently the well width of the EQW needs
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to be re-defined. After interdiffusion, the as-giown abmpt heterosti’ucture becomes a 
continuously graded structure; the square profile gradually becomes non-linear and moves 
deeper into the barrier and this change may be measured by the width at^top of the EQW. 
This may be the motivation used by some authors [3.47] to take the width at the top of 
the well to be the effective well width, whilst others [3.48] still use the as-grown well 
width. The well width at^top of the interdiffused QW, denoted as is defined as the 
width of the confinement potential which terminates as the profile reaches the barrier 
potential within a 5% error, i.e. AË, -  U,(z = < 0.05AË,. In order to facilitate
discussion, is shown as a function of in the case of = 100A (see Figure 3.3). 
It can be seen that approaches 1000 A as increases to the as-grown well width, 
denoted by of 100 A, which means that theoretically some of the high lying states 
at the top of the QW would be able to bound by this effective width, although in practice 
bound states are difficult to be realized with such a wide width. The above example does 
demonstrate that a very large variation occurs between the two extreme definitions of well 
width, = 1000A and = 100 A, and the use of these values will lead to under 
and over estimations, respectively, in a pseudo two-dimensional subband calculation [3.1] 
for optical parameters such as optical absorption and gain, where calculation per QW 
width are used. This problem is further demonstrated by the large variation between the 
two extreme definitions of well width and the ground state related width, as shown in 
Figme 3.3 by = Lci(L^=0), and Ld(Ld > 0) respectively.
Two more appropriate descriptions for the interdiffusion induced QW width 
definition are proposed here; (1) a cut-off rule is used to define an upper limit for the well 
width, above which the quantum well confinement effect is considered to be insignificant, 
and (2) a weighted average for each of the subband levels. The former method is adopted 
here, which first approximates the well width by a prescribed cut off width, and then cuts 
off the bound states when then* corresponding well widths are larger than this cut off 
width. If the cut off width is large enough, the confined states above are loosely bound 
and closely packed, so that then* 2-D nature is considerably reduced and they can resemble 
the bulk-like continuum states. Therefore a QW calculation should be used for the bound 
states below this cut off whilst the states above it can be approximated by a bulk-like 
calculation. The cut off scheme is demonstrated for tlie electron levels, see Figure 3.3, 
with the Lj,(cut off) = 300 A being indicated by a dashed line, the number of electron
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levels at a particular interdiffusion length can be read out graphically, and the magnitude 
of the well width can also be approximated by averaging those below the with
the cut off value seiwing as an upper limit. However, it should be noted that the value 
of Lg = 300 Â is chosen for illustrative purposes only, and a realistic cut off value should 
be obtained by experimental means or using a realistic estimation. For instance, if one 
is interested in optical parameters, a cut off scheme may be established by fitting to 
experimental absorption data with a prescribed accuracy to determine the appropriate cut 
off value and which may be used as an effective well width for calculations. In tlie case 
of a multi- QW, the well width definition is not so difficult to define as it is for the 
single-QW case, since it is usually tlie length of the whole multi-QW stack that is used 
and the widtli of the individual wells in the layer vary much less than in the single well 
case, although care should still be taken in specific cases.
D. Overlapping wavefunctions
The square of the normalized wavefunction (\}/^ ) shown in Figure 3.4 for an EQW 
(Lj = 40 Â) demonstrates that the broadening effect also causes the wavefunction to 
spread out with a lager \|/^  magnitude (probability) away from the centre of the weU, 
which is similar* to that reported for parabolic [3.48] and trapezoidal [3.49] QW’s. This 
variation of Xj/^  shape, wiU affect the overlapping wavefunctions (x/cdVvf), such as 
those involved in interband absorption coefficients. The upper levels of the EQW, such 
as C4 and H6, as shown in Figure 3.4, clearly indicate that the cut off rule may be applied 
effectively, since the contributions from these levels are minimal. The dipole transitions 
between electron (level Cc) hole (level fiy) subbands follow the selection rule of Afi 
= Cc “  (v, which represents the magnitude of overlap. For* an infinitely high banier QW 
(AEg -> oo) the strongest "diagonal" r*ule (A( = 0) apphes since the C’s between the two 
bands are completely orthogonal and deviations fr om this rule are often erroneously called 
"forbidden". A relaxed selection rule (He + Cy = even) allows for a finite banier 
square-QW although the "off-diagonal" (C^  -  fiy 0 and even) transitions are quite small. 
In the present EQW case, these off-diagonal transitions are enhanced, which is shown in 
Figure 3.5 for* a selection of the overlapping square value, |(x|/cf|Vv()r [3.18], for the 
default set as a function of L .^ As can be seen in Figure 3.5 (a), for the diagonal 
tr ansitions the overlapping reduces during the initial interdiffusion which then increases
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to about its as-grown magnitude. On the other hand, as shown in Figure 3.5 (b) for the 
off-diagonal transitions, the overlapping initially increases and then either remains 
approximately constant or reduces at large L,,. The changes during tlie initial stages of 
interdiffusion are due to the non-linearity of the well shape, which is magnified around 
10 Â ^  Ld < 30 Â. This is due to the released orthogonality of the wavefunctions which 
may be described analytically from a similarly shaped hyperbolic-QW [3.27, 3.42]. This 
effect of reversing the magnitude between the diagonal and off-diagonal transitions for the 
above range of values of L  ^ is similar* to that observed and predicted using an external 
applied electric field [3.50, 3.51]. The strength of the optical transitions is also governed 
in part by the value of this overlap and the trend is the same as in the hyperbolic-QW 
case [3.44].
E. Valence Subband-mixing in EQW
The effect of valence subband mixing is known to allow "forbidden" transitions 
(fic + (y = odd), which contribute to finite absorption [3.52], and negative hole mass, and 
would increase the reduced mass and hence the exciton absorption strength as well as the 
saturation limit [3.52]. The valence subband structure is examined for the default QW 
parameters with different L^’s in terms of the hole dispersion in-plane k|| vector, where 
isotropy is assumed in the xy-plane. The infinitely high barrier width is taken to be 2Lf 
= 1000 Â, which should be adequate for* the cases considered here since all the bound 
states, as can be seen in Figure 3.4 for L  ^ = 40 Â, converge to zero within this limit, 
while for L  ^ < 100 Â it should still generate useful results. This "fictitious" well width 
is not the same as (and should not be confused with) the one used in solving the 
Schrodinger* equation bound states at k|| = 0.
In Figure 3.6, the dispersion curves shown for* only the six topmost valence 
subbands in the case of L  ^ = 1Â and 10Â, and an additional number* of subbands 
including the continuum hole state in the cases of Lj = 40Â and 100Â. These four* cases 
provide some information on the char acteristics of subband-mixing due to interdiffusion. 
The fhst six valence subbands can be labelled as "heavy" or "light" according to then* 
band-edge line up at k,| = 0 which, star*ting from top down (well bottom) are H I, LI, 
H2, H3, L2, H4, and these states are now denoted by numbers in ascending order (V = 
1, ..., 6) respectively as for k|| the admixture of heavy and light hole states makes it
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difficult to distinguish between them. The position of the band-edge line up holds for all 
the values of considered here. The respective banier height (well top) is also indicated 
by an aiTow. For an as-giown QW, as shown in Figure 3.6 (a), nonpaiabolicities give rise 
to an electi'on-like upward dispersion which results in a negative effective mass at the 
zone- centre for V2(L1) and V4(H3), as has been observed eaiiier [3.52]. This negative 
mass implies not only heavy and light hole masses are reversed in the tr ansverse direction 
but also that they depend on the type of subband mixing. As interdiffusion proceeds, see 
Figure 3.6 (b), the separation between subbands is initially reduced and the strong mixing 
shown between V5 and V6 is transferred to V4 and V5; this implies the interaction of 
order k||^ (Cl + Ch = even) between L2 and H4 is reduced and the interaction of order 
k|| (Cl + Cg = odd) between L2 and H3 is increased. In fact, in Figure 3.6 it can be 
seen that the V4(H3) curwe is couple to and pulled down by V5(L2) and results in a fotvtr 
negative mass and this effect will become more apparent in the density of state discussion 
below. In the intermediate stages of interdiffusion, represented by Figure 3.6 (c) for 
= 40Â, strong band-mixing still persists and the lower subbands, VI to V4, are still 
clearly discretized with good 2-D behaviour. For states near* k|| = 0, much (ess 
distinction between the heavy and light holes states is observed, although the V2 edge still 
remains negative in mass. However, it can be seen that, below the barrier (energy less 
than 73 meV) the subbands (V5 and below) start to become densely packed forming a 
bulk-like continuum with two sets of lines representing heavy-hole-like and hght-hole-like 
bulk states. In the latter stages of interdiffusion, as shown for = 100Â in Figure 3.6 
(d), most of the subbands become almost parabolic and densely packed, and the mixing 
effect remains strong with fine details only showing more apparent features at around k|| 
= 0.02 For the states near k|| = 0 then* mass^are indistinguishable between heavier 
and lighter of the bulk material, while at larger k||, the states convergence into two 
groups. These two groups refer to the heavy-hole-like and light-hole-lrke states which are 
a result of the restoration of the fourfold degeneracy, and the bulk-like natiue of tlie 
material is restored. However, as can be seen in the = 100A case, the bulk-like hole 
states have not completely converged into a true-bulk nature which is due to the fact that 
the Lf = 500 A numerical approximation is not adequate, since in this case the shallow 
EQW is quite wide, and Lj = 100 A is still not large enough for a full convergence of the 
subband into a bulk one, and a fully disordered material is still not achieved.
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The density of states function calculation for the hole dispersion cui*ves of Figure 
3.6 (with the full 46 states) aie given in Figme 3.7, The density of states (DOS) function 
is defined by :
DOS(E) = f  t .  f lL  , (3.15)h  " dEy
where Ey is the paiticulai* V^-subband under consideration. The most apparent feature 
shown here is that the cmwes do not show any resemblance to the conventional step-like 
DOS cm*ves. This is, in pait, due to both the non-parabolic subband mixing and the k • 
p method used here. The negative mass near the subband-edge of V2 and V4 is 
confkmed by the spiky singular behaviour shown in the DOS cui*ves. As interdiffusion 
proceeds, the transition of the magnitude for the spiky V4 edge to the V2 one is cleaiiy 
appaient, as shown from the cases of =lA  to 40A in Figme 3.7. The 2-D nature of 
the DOS is shown for the cases of = lA  and lOA energy range shown; in the case of 
Lj = 40A, the 2-D behaviour is shown only below the barrier energy (73 meV) while the 
3-D behaviour is shown above this energy, in the L^= 100A case, it is basically always 
a bulk-like DOS except with fine details appeal* in the non-smooth cui*ve. One point of 
interest is the enhancement of the V2 subband-edge singularity, during the initial stages 
of interdiffusion, which conesponds to the first light hole state, and in the case of a TM 
polarization this will be the lowest band-edge where interesting optical properties should 
emerge.
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3.3 HYPERBOLIC CONFINEMENT PROFILE QUANTUM WELL (HQW)
The HQW structure is of interest as it is a realistic representation of the shape of 
an interdiffusion induced QW. Although the profile is not a stiaight error function profile 
which is noiTnally obtained by solving the diffusion equation according to Fick’s second 
law, but, two of the paiameters of the HQW profile is exactly fitted to the enor function 
and thus it is still link\o the diffusion process in anindh*ect way. The HQW and EQW 
election confinement profiles and respective ground state energies ai e compaied in section
3.4 for different values of and it demonstiates the similaiity of the profiles and the 
confined states. The advantage of the model is the generation of analytical solution for 
all of the subband and continuum states without the numerical instability and inaccuracy 
especially for the high energy states in the continuum.
3.3.1 HQW Model
The interdiffusion induced HQW non-squaie potential profile is defined here by:
"  - à '  ■
where = AË, is the effective banier depth after interdiffusion, as shown in (3,2 c), 
and p is determined by fitting U,(z) to the Ucop  ^at the COP’s in (3.4), and is expressed 
as :
P = _2_[cosh"^
N
1 ] , (3.17)
Awhere Ucop = Ucop /  U j^f is the potential of the COP normalized to tlie well depth and the 
subscript r  is removed from the U ’s since the Q,’s aie cancelled in the present unstiained 
QW case; however for a stiained QW stnicture, such as in an InGaAs/GaAs QW stnicture,
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the ratio of Ucop /  U^ ff should be dependent upon r [3.28]. The hyperbolic profile modeled 
here by the fitting of the parameter p is a realistic approximation to the interdiffusion 
profile, and differs from that used in [3.24], where the COP is V^ U^ ff,.
3.3.2. Subband Calculation of HQW
The HQW subband edge states, F-valley can be calculated in the envelope 
function scheme [3.1] with the Ben-Daniel and Duke model [3.37] using a constant 
effective mass approximation (the values of the masses ar e taken from [3.55]), by the one­
dimensional Schrbdinger-like equation which is written as follows :
= E^Jiz) (3.18)2m * dz^
where fi = 1,2,... are the QW subband levels for either the elections (p) or holes (q), 
respectively, m,* is the carrier effective mass in the z direction, is the subband level, 
and the origin of the potential energy is taken to be the bottom of the HQW, The 
boundaiy condition for is taken to be zero at infinity. The bound QW subband states 
can be solved analytically in the following way.
The calculation is identical for electr ons and holes, so that the band type subscripts 
are dropped for simplicity and all the notations and definitions for the special functions 
requked in the derivation are the same as those defined in [3.35].
The schrodinger equation for the HQW in (3.20) can be rewritten, by a change of 
the independent variable (^ = tanhpz), as follows :
[(1_Ç2) + [a(a+D -  x|/(4) = 0 , (3.19)aç oq 1-q^
where
58
a = 1[(1  4. -  1] , (3.20)2 P V
b = ^ ^ 2 m ( U ^  -  E) . (3.21)
This is the associated Legendi*e’s equation and it can be generalized to the 
hypergeometi'ic equation of the Fuchsian class by a fui'ther tiansfonnation of the 
dependent and independent variables as follows :
V ©  = (1 -  W © , (3.22)
u = (1 -  Q/2, (3.23)
So that (3.21) now becomes
u (l-u ) W"(u) + (b+l)(l-2u) W'(u) -  (b-a)(a+b+l) W(u) = 0, (3.24)
whose solutions aie the hypergeometi'ic function 2 Fi[b-a, a+b+1; b+1; u]. The required 
boundaiy conditions \j/(^ = ±1) = 0 force the fhst component in 2 ^ 1  to be an integer, i.e. 
b-a = -n (n = 0,1,2,...), which implies F^^  is a polynomial of degree n which can also be 
expressed as Jacobi’s polynomial. The expansion of 2 F 1 for the arguments considered here 
aie given in the Appendix A for several different index of n.
The wavefunction (non-normalized) can now be written as :
\j/n(z) = sech ’^Pz 2 Fj[-n, 2a-n+l; a-n+l; (l-tanhPz)/2], (3.25)
and the quantized energy levels can be expressed, by solving the n requhement, as :
and the maximum number of QW supported states S can be obtained, by solving E„ <
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as follows:
S = 1 + INT + i ) ‘« -  1] . (3.27)P V  4 '  l '
It should be noted that for the ground state, i.e, n = 0, the nonualized 
wavefunction in (3.27) becomes a simple hyperbolic function given by :
\j/o(z) = p'/" sech'(pz) /  [B(K2 , b)]'/^ (3.28)
where B is the beta function, and the normalized overlapping wavefunction for the giound 
states can also be expressed in closed analytical form as follows :
(329)
K V c J v J I  -  g((6,A,) ’
where bj and bj denote tlie paiameter b in (3.23) for the election and hole giound states, 
respectively.
The final form of the wavefunctions and energy levels aie expressed by the 
following equations, respectively :
H/^ j(z) = fgc/z^(pz) ^F^[l-(,2a-g+2;a-(+2;&6(l-tanhPz)] , (3.30)
r^> = (/.f  -  ■ (3-31)8m / VP^ 
where C = n + 1 in (3.27) and (3.28).
3.3.3 Properties of the Non-Square HQW
The properties of the non-square HQW considered here differ from those of the 
AG-SQW. The subband energy levels of the AG-SQW are shifted in the interdiffusion 
induced HQW and then* number is increased, resulting an increase in the number of
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interband ü'ansitions, see Table 3.4. Both of these effects can be explained by die 
movement of the COP, since it results in the lowering and raising of the energy levels 
which aie due to die wider and narrower well widths (with respect to the AG-SQW)
Table 3.4 Parameters for HQW (w q = 0 .3 , L2=100Â, Q, = 0.6)
AG-SQW
Ld=OÂ
HQW
Ld=20Â
HQW
Ld=40Â
HQW
Ld=100Â
HQW
Ld=1000Â
AEc (meV) 253 230 147 61.8 6.17
AEhh (meV) 169 153 97.7 41.2 4.11
Ucop (meV) — 192 68 6.1 0.007
Ucop —— 0.5 0.28 0.06 0.0007
E 'uh (eV) 1.462 1.539 1.641 1.802 1.836
E 'ul (eV) 1.478 1.690 1.753 1,804 1.836
5c 3 3 4 7 24
‘^ HH 4 6 7 14 45
above and below the COP, respectively. The loweiing of the COP can be described 
theoretically from the analytical expression of (3.1) to (3.4) so that, for a fixed as- grown 
wed width, as increases the increase of w(z = ViLJ is less than w(z=0) and thus Ucop,r 
decreases with respect to the bottom of the HQW. On the other hand, since the number 
of supported states = depends on the ratio of U^ ff / p ,^ as the interdiffusion proceeds for 
a fixed L^ ,, Ugff decreases and, since P is decreasing at a much higher rate, S increases 
with Lj. These different rates of increase of the ratio (U j^j /  p )^ with diffusion length can 
be demonsU*ated by examining the limiting case, using L ’Hôpital rule :
W m  _ ^im  xQr 
p2 p ^ o o “p r (3.32)
which shows the limiting approach to a continuum for a fully interdiffused QW. This 
dependence on the well width is a more complete description than the earlier one where 
only a narrow well results [3.12] and therefore, for a fully disordered QW, it always 
results in a wider well for all the subband energy levels, as can be seen in the L  ^= 1000Â 
case (Uqop.c = 0.004 and Ucop,hh = 0.003), where the lowest energy levels = 0.249
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meV and Ehhi = 0.091 meV aie above theii* respective COP potentials. The effect of the 
COP movement is demonstiated in Table 3.5 for the energy levels noimalized to the well 
depth, Erf = E,| /  , in the HQW = 40Â) and a compatible-SQW (same well depth
as the HQW), where the C l state is raised as E ^  is below the COP (Ed < Ucop) while the
A A AC2 is lowered as E ^  is above the COP > Ucop)> HHl state is raised while the higher 
HH3 state is lowered, with the exception
Table 3.5 Deptli-Normalized Subband Levels (Wq=0.3, Lj,=100Â, = 0.6)
Selective
Subband
Levels
Subband Energy 
Normalized to 
(Ld=40A)
Compatible
SQW
HQW
Cl 0.168 0.19
C2 0.641 0.53
HHl 0.067 0.11
HH2 0.264 0.32
HH3 0.581 0.50
of the HH2 state since the COP potential is in between the two HH2 levels of the 
respective SQW and HQW. As the interdiffusion proceeds, the number of bound subband 
states in the HQW increases, which is due to the loweiing of the COPs (see Figure 3.8 
and Table 3.4), so that more levels are supported (bound) as the effective width of the top 
of the QW increases. The \\i^  shown in Figure 3.10 for an HQW (L  ^ = 40 Â) 
demonstrates that the widening effect also causes the wavefunction to spread out, which 
is similar* to that reported for trapezoidal [3.49] and parabolic [3.48] QW’s. The HH 
related interband transition energy E'p  ^ and its strength fp^  for these QWs at the zone 
centre (k^  = 0) are shown in Table 3.6. The dimensionless transition strength is defined 
here as the normalized overlapping wavefunctions square divided by the normalized 
respective transition energies (E'pq /  Êg) square, i.e.
(3.33)
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The enhancement of the off-diagonal overlapping wavefunctions (see Table 3.6) also 
demonstrates a relaxed selection rule for the non-square QW. These non-square HQW 
properties contribute to the optical properties of the QW and therefore modify device 
performance.
Table 3.6 Interband Transition Energy and Strength (wo=0.3, L^=100Â Q  ^ = 0.6)
Selected
Levels
Interband Transitions
E'p, (eV) E'p, (eV) fpq
AG-SQW
(Ld=OÂ)
HQW
(Ld=40 Â)
AG-SQW
(Ld=OÂ)
HQW
(Ld=40 Â)
Cl-H H l 1.4624 1.6414 0.9333 0.8991
C1-HH3 1.5241 1.6794 0.0069 0.0497
C2-HH2 1.5756 1.7118 0.7632 0.7070
C2-HH4 1.6659 1.7444 0.0234 0.1529
C3-HH3 1.7395 1.7658 0.3525 0.4408
C3-HH1 1.6778 1.7278 0.0085 0.0346
3.4 COMPARISON OF EQW AND HQW MODELS
The constant effective mass HQW model is compared to the EQW model for 
= 100Â and Wq = 0.3. The EQW is solved by a finite difference method using a variable 
effective mass, m*(w). The confinement profiles for the HQW and EQW models ar e very 
similar (see Figure 3.8), with the exception for larger values of L ,^ where the HQW is 
wider outside the well region. However, within the well region it is a good approximation 
since the par ameters U^ ff and |3 are used to normalize the QW depth and to match up the 
COP values with those of the EQW, respectively. It should also be noted that, for 
extremely small L^ j (^ 20Â), the HQW model is not a good approximation since its 
confinement profile fails to converge to a square as -> 0. All the subband levels for 
both the HQW and EQW are very similar for the cases of = 20Â and 40Â, as shown
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in Table 3.7. The average difference in the corresponding subband energy levels is 3.17 
meV (average relative error of 3.9%) in the case of = 20Â, and 1.21 meV (1.6%) in 
the case of L^ i = 40Â. The larger eiTors occur for smaller L ,^ as noted earlier. Figure 3.9 
further demonstrates this discrepancy between the two models for small (< 20 Â) in 
terms of the band-gap transition energy, = Eg + E ^ + Ehhi- The \|/  ^ at tire fhst and 
thh'd levels for the two models for the = 20Â and 40Â cases are also shown in Figure 
3.10 and demonstrate good agreement.
Table 3.7 Comparison of Subband Levels for EQW and HQW (w q = 0 .3 , Lg=100A, Q  ^
-  0.6).
Subband Energy (meV)
EQW HQW lAEl %u 20 A 40 A 20 A 40 A 20 A 40 A 20 A 40 A
C l 52.13 27.83 54.77 28.48 2.64 0.65 5.1 2.3
C2 146.87 78.59 147.18 78.58 0.31 0.01 0.2 0.0
C3 214.47 116.88 205.36 114.94 9.11 1.94 4.2 1.7
C4 — 141.23 — 137.55 — 3.68 — 2.6
HHl 19,04 10.60 21.11 10.85 2.07 0.25 10.9 2.4
HH2 56.21 30.85 59.98 31.19 3.77 0.34 6.7 1.1
HH3 89.47 48.71 92.10 48.82 2.63 0.11 2.9 0.2
HH4 117.64 64.18 117.47 63.74 0.17 0.44 0.1 0.7
HH5 139.48 77.19 136.09 75.95 3.39 1.24 2.4 1.6
HH6 152.39 87.54 147.96 85.45 4.43 2.09 2.9 2.4
HH7 — 94.82 — 92.25 — 2.57 - - 2.7
3.5 SUMMARY
In summary, the subband energies and wavefunctions in an interdiffusion induced 
AlGaAs/GaAs single quantum well structure have been calculated. The confinement 
profile of this interdiffused quantum well is non-linear and is modeled here by an eri'or 
function. The spatially dependent electron effective mass is taken into consideration using 
a non-parabolic band model derived from a fourth order expansion in k with the
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coefficients determined using a 14-band calculation. The valence subband mixing 
between the heavy and light holes is also considered using an effective Hamiltonian 
approach. The results show that subband properties of the non-squaie quantum well differ 
from the conventional square quantum well. The subband edge energy initially increases 
and then decreases with interdiffusion, this effect is explained by the evolution of the non­
square quantum well shape in term of a cross over point, which is defined as the 
confinement profile intersection at the well barrier interface of the as-grown and 
interdiffused quantum wells. A depth dependent quantum well width is discussed and a 
cut off scheme is introduced to quantify the division between bound and unbound states. 
An enhancement of interband transition is predicted for the off diagonal selection rule at 
the initial stages of interdiffusion, and a reduced confinement of the wavefunctions is also 
observed. The effect of valence band mixing remains strong in general with increasing 
interdiffusion and an almost par abolic band is restored at the latter stages of interdiffusion. 
An enhancement of the lowest energy light hole negative mass is also obtained with 
interdiffusion. The non-monotonic behaviour of the subband edge energies suggests that 
when only the lowest interband energy is used to characterize the interdiffusion process, 
erxors are likely to occur.
A hyperbolic function is also used here to model tire above mentioned confinement 
profile of the disordered QW. The results demonstrate that the hyperbolic QW 
confinement profile is in good agreement with the erxor function profile commonly used. 
However, limitation of the HQW model should be noted; for small (such as < 20Â 
in a 100Â wide Alo^Gao^As/GaAs QW) it can be inaccurate. In other words, the region 
of validity includes the medium ^ ’s, where the non-linearity of the profile is strong, 
which is important for devices operating with an applied electric field (this will be 
discussed in Chapter 6). The analytical expressions obtained for the confined states are 
useful in understanding the origin of device properties and may be applicable to the 
design of devices.
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3.6 APPENDIX A
The Hypergeometiic function is defined [3.35] as :
/ , l - n , 2 a - n . l ; a - n . U u ]  = ±  jH
where (a)o = 1, (a)^ = a(a+l)(a+2) " (a+n-1). The first five polynomial expansion, 
which corresponds to the first five confinement subband states, is given as follows : 
m = 0 (ground state)
^F^[0,2a+l;a+l',u] = 1 .
m = 1 (first excited state!
jF ^[-l,2a;a\u]  = 1 ~ 2u .
m = 2 (second excited state)
/■ , [ - 2 ,2 a - l ;a - l ;« ]  = 1 -  + (2«-l)(2a) ^2
(a-1) (a -l)(o )
m = 3 (third excited state)
, f . [-3 ,2 a -2 ;a -2 ;M ] = 1 -  + ;  (2a-2)(2o-l) , , 2  _ (2a-2)(2a-l)(2a)
(a-2) (a -2 )(a -l)  (a -2 )(a -l)(a )
m = 4 (fourth excited state)
,F ,[-4 ,2 a -3 ;a -3 ;K ] = 1 -  + ft ga-3)(2a-2) ^ (2a-3)(2a-2)(2a-l)
(a-3) (a-3)(a-2) (a -3 )(a -2 )(a -l)
^ (2a-3)(2a-2)(2a-l)(2a)
(cr -3) (a -2) (a-l)(a)
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Figure 3.1 (a) The conduction confinement potential for an as-grown square profile
(W o=0.3, L2=100Â, AEc=295.6 meV), and several eiTor function profiles for 
different values of in a single AlGaAs/GaAs EQW. Here = 0 (solid 
line), Lj = lOÂ (short-dash line), = 40À (long-dash line) = 80Â 
(dotted line), = 500Â (dot-dash line). The profiles are extended out to 
a barrier thickness of 150 Â. (b) The schematic diagram of the band-edge 
potential as a function of the growth axis for an as-grown square (solid 
line) and an interdiffusion induced (w=w) (dash line) AlGaAs/GaAs QW. 
Some of the diffusion induced parameters are also indicated.
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Figure 3.2 The variation of parameters in a QW (wq = 0.3, -  100 Â) with L^ . (a)
The diffused bulk band-gap, first subband levels and related interband 
transition energies, (b) The depth normalized energy (scale on the left hand 
^ is ) , with respect tj^  the interdiffused well depth, for the COP potential 
Ucop> first subband, E of EQW and that of a compatible square-QW (same 
well depth as EQW); the depth and width normalized energy, E, is also 
depicted with scale on the right hand side.
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Figure 3.3 The width at the top of the conduction band QW, and widths at
valions subband levels, L^, to as a function of L ,^ in the EQW (x = 
0.3, Lg = 100 Â). A cut off at L = 300 Â is indicated by a dash line as 
discussed in the text.
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Figure 3.4 The square of envelope wavefunctions at a selection of the subband edges 
for the EQW (Wq = 0.3, = 100 Â, L^ , = 40 Â).
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Figure 3.5 The squai’c of the overlapping wavefunctions, |(Yc(IVv()|\ at the 
subband edges for EQW (wq = 0.3, = 100 Â) with varying L ,^ only a
selected number of overlapping are shown, (a) AC = Cc “  ®v = 0. (b)
-  Cv ^  0 and even.
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Figure 3.6 The valence subband potential (zero taken at the respective well bottom) 
as a function of the tiansverse direction wave vector k|| for the EQW (wq 
= 0.3, Ly = 100 Â) with valions L^ . The baixier energy is noted by an 
arrow. = 1 Â (a), 10 Â (b), 40 Â (c), and 100 Â (d).
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Figure 3.7 The valence band density of states as a function energy (zero taken at the 
respective well bottom) for the EQW (wq = 0,3, = 100 Â) with various
Lj. The bai'rier energy is noted by an aiTow, = 1 Â (a), 10 Â (b), 
40 Â (c), and 100 Â (d).
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Figure 3.7
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Figure 3.8 The confinement potential for an as-grown square profile (Q^ = 0.6, 
AEc=293.4 meV), several hyperbolic and error function profiles for 
different values of in a single AlGaAs/GaAs QW. Here L^ , = 0 (solid 
line), Lj = 20Â (dash line), = 40Â (dotted line) = 60Â (short-dash 
dot), Lj = 100Â (long-dash dot).
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Figure 3.9 The band-gap transition energy as a function of for the HQW and EQW 
(Qc = 0-6, Lj, = 100 Â, Wq = 0.3),
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Figure 3,10 The square of the envelope wavefunctions at the first and third conduction 
subband edge for the HQW (Q^ = 0.6, = 100 Â, Wg = 0.3). (a) =
20 Â, (b) Lj = 40 Â.
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Chapter 4
Optical Absorption in an Interdiffusion Induced 
AlGaAs/GaAs NSQW
4.1 INTRODUCTION
The quantum confinement of caiiiers in semiconductor non-squaie quantum wells 
(QWs), which leads to the quantization of energy levels and the foimation of subbands, 
has been presented in the last chapter. The linear and non-lineai' transitions due to these 
subbands aie of interest, as they contribute to the absorption coefficient and refractive 
index of the structuie. An important consequence of these two-dimensional caiiier 
confinement in QW structures is an enhancement of the exciton binding energies to the 
degree that clear exciton absoiption features can be obseiwed at room temperature. The 
associated optical nonlineaiiity has been exploited for a variety of novel device 
applications, and the ability to selectively interdiffuse QW structures has also found 
application in the design of novel optical device structures. In addition the optical 
characteristics of these interdiffused QW structuies consists of large dipole strengths and 
naiTow bandwidth, due to then' inter-subband transitions, which suggest that they have 
highly non-linear optical absorption, although the inter-subband absorption edge occurs 
at far-infra red wavelengths. These effects have given rise to numerous device 
developments such as low loss waveguides, self-electrooptic devices and photodetectors.
The first part of this chapter (Section 4.2) presents the interband absorption 
coefficients for incident light propagati^ perpendicular' and parallel to the layers of the 
interdiffusion induced QW str uctures without the application of an applied field, while the 
latter part of this chapter (Section 4.3) presents a model for the inter-subband absorption 
coefficients in these structures and which is used to predict the optical properties at IR 
wavelengths to be usé^in photodetecting devices.
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4.2 INTERBAND OPTICAL TRANSITIONS
4.2.1 Absorption Coefficients
In this section the HQW confinement profile (see Figure 4.2) is considered with a 
fitting parameter |3 defined as (differ than the one defined in Section 3.3) :
The interband transition of an electron with an effective mass in an undoped 
HQW in the AlGaAs/GaAs system, which is induced by an incident photon of energy hco 
and propagates perpendicular- to the plane of the QW is modelled here, as shown in 
Figure 4.3. The linear absorption coefficient a(co) in the QW can be obtained from the 
Fermi Golden rule:
where (\|/p |Yq) is the overlap integral between the p‘^  electron and hole envelope wave 
functions, which is non zero when p+q is even for the symmetric QW considered here. 
The interacting dipole matrix term e 'M(kJ, where k, is the transverse wave vector in the 
non-quantized x-y plane, can be taken to be a scalar by assuming Kane’s model [4.12, 
4.44]. The broadening factor of Lorentzian shape with a linewidth of 2F shown at the end 
of (4.2) is due to intraband relaxation by canier-caiiier scattering. Ë'^p  ^are the diffused 
QW transition energies expressed by :
where E„ is the non-quantized band-gap in the diffused well. All the other variables in
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(4.2) have theii* usual meaning as defined in the list of symbols. The summation over 
is transformed into an integral and numerically evaluated here, although it can also be 
integrated out analytically in terms of trigonometric and logarithmic functions (see Section 
4.4.1.1). As a numerical example, the absorption coefficient due to all of the allowed 
transitions of the HQW structure is calculated with Ur = 3.2, F = 10 meV [4.8], and 
Qc = 0.6.
The effect of QW thickness on the spectral absorption curve for a fixed 
diffusion length, L ,^ which is always half of the well thickness, i.e. the same well shape, 
is shown in Figure 4.4 (a). It can be seen that the slope of the absorption edge increases 
as the well width decreases, while the peak absorption increases. These cur*ves show that 
the structure of the absorption edge is complex, which depends upon the number of 
quantized election states and therefore the number of allowed transitions. Also, these 
curwes show that the peak absorption is deteiTnined not only by the well width, but also 
by the strength of the allowed transitions, which is also dependent on the amount of 
interdiffusion and hence L .^
The effect of the well shape has been studied by modelling a 100 À thick GaAs 
weU bounded by infinitely thick Alg ^ Gao^ ^As barriers to obtained the spectral absorption 
curve for a range of L .^ These spectral absorption curves are shown in Figure 4.4 (b) and 
they show that the position of the absorption edge can be shifted significantly, i.e. from 
730 nm to 830 nm, by changing from 75 Â to 10 Â, thereby changing the shape of the 
well by interdiffusion, whilst the peak absorption coefficient is seen to rise from around 
5700 cm'^ to 8600 cm^ respectively. Extensively disordered material is modelled by 
= 1000 Â and shows a significant band edge shift when the Al is almost fully diffused 
into the well. Analysis of the results shows that there is a direct coiielation between the 
change in the peak absorption coefficient and the number and strength of the allowed 
transitions.
The results presented here show that the shape of the absorption edge is 
determined primarily by the shape of the QW, which is modelled here by the diffusion 
length for the well-bariier interdiffusion process, while the well thickness has a much less 
pronounced effect. Also the peak absorption is strongly dependent on both the shape and 
thickness of tire QW.
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4.2.2 Polarization Dependent Absorption Coefficients
The k*p method of Kane [4.31] can be used for QW stinctures where the electron- 
hole pail* form a dipole in a plane that is peipendiculai* to the caiiier wave vector 
k = (k^,ky,lq), as shown in Figure 4.5. Since the carrier is confined in the growth 
dii'ection z, only certain values of its energy aie allowed, which coi*responds to the 
peimitted values for the wave vector z-component k^ . As can be seen, the dipole 
symmetry is broken, thus allowing only certain orbits to exist, which gives rise to the 
polarization dependence. The E field of the incident electromagnetic wave interacts with 
the component of the dipole moment along the transverse dhection (i.e. with component 
ky) for the TE polarization, and along the quantized direction (i.e. with component k )^ for 
the TM polarization, see Figure 4.5. It should be noted that this polarization dependence 
is related to the dhection of the wave vector k and not dhectly related to the orientation 
of the dipole, which can be rotated with a different orientation in a plane which is normal 
to the wave vector. The transition probability for heavy holes (TM) can be zero at the 
band-edge (k^ = 0) due to selection rules [4.32], and the weak transition intensity for the 
light holes due to then* lower density of states. Consequently, the absorption of TE and 
TM polarizations in QW’s is much more sensitive to the heavy hole and light hole 
transitions respectively, while the TM absorption peak due to light hole is stronger than 
the TE absorption due to heavy hole in almost all cases.
The "bare" interband transitions are considered here without the electron-hole 
coulomb interaction. The omission of tliis excitonic effect can intr oduce inaccur acy at the 
band-edge in certain QW cases, such as those of undoped str uctures, high quality mater*ial 
with low impurities (unintentional) levels and operation at low temperatures. Thus, the 
present for*mulation demonstrates a somewhat simplified absorption coefficient calculation 
without the exciton resonance at the absorption edge which may be umesolved even after 
interdiffusion [4.1], see Section 4.2.3 However these bare transition states are the 
continuum states to the exciton and ser*ve as a background to the absorption coefficient. 
It should be noted that if the QW structure is designed for a gain calculation in a laser, 
where excitons are not important, the present for*mulation of the dielectric function would 
also be able to model the situation.
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4.2.2.1 Formulation of Dielectric Function
Once the election and hole envelope wavefunctions and subband energy levels of 
the QW stmcture have been determined, the lineai* absoiption coefficient a(co) may be 
determined in terms of the imaginary pai't of the dielectiic function £ 2 (0 )) using the 
relation [4.2] :
a(co) = . (4.4)c n / c o )
where nR(co) and c are the refractive index of the QW and the speed of light respectively. 
Since the incoming electi'omagnetic radiation is taken to be propagating paiallel to the x-y 
plane (peipendiculai* to z-axis) of the QW layer, then a  and £ 2  aie anisohopic with 
polarization (TE or TM) [4.3 - 4.6]. Since the interest here is in the QW quantization 
effect which manifests itself over a limited energy range above tlie bandgap, the £ 2 (0 0 ) 
calculation is based on the dhect interband tr ansitions aiound the absorption edge in the 
F-valley with a parabolic band [4.7], together with an additional factor to take account of 
the polarization.
The imaginary part of the dielectric function, £2 (0 ), is expressed in terms of the 
optical matrix element as [4.8]
where £q is the free space permittivity; o) is the incident photon frequency; V is the 
volume of the QW, and the factor of 2 accounts for* the spins; Oj/q, | Vvq> is the overlap 
integral between the p‘^  conduction subband and the q‘^  valence subband due to the 
confinement effect of the envelope functions, which is proportional to the transition 
probability; g is the polarization unit vector in the dhection of the electric field of the 
incident electr omagnetic radiation, which is parallel to the xy-plane; and is the optical 
dipole matrix element between the p“* and q^ band due to the in-plane effect of the Bloch 
wavefunctions [4.9]; denotes a Lorentzian distribution for the spectr al broadening effect 
due to the intraband caiiier-caiTier scattering [4.10]; is the interband transition energy 
with a parabolic dispersion in the tiansverse dhection; and 6 denotes the Dhac delta
8 6
function which represents the k-selection mle [4.11], In (4.5) it is assumed that the 
valence band is filled and the conduction band is empty, as is the case for an undoped 
material. The summation over the energy subband p,q is restricted to the bound states 
only. These teims in (4.5) aie expressed by the following :
(V c J W  = JV c/2)V v/z) dz (4-6)
Tpq
,2 _ -  K  9{k) (4.8)
where
^  (4.9a)
2ntcv
mly = - t r  (4.9b)
rric+my
(4.9c)
T  is the half width at half maximum of the Lorentzian broadening; e is the electronic 
charge; Sq is the diffused spin-orbit splitting gap; m^y* is the reduced electron-hole 
effective mass; and the limit of integration is taken to be = 5000Â for numerical 
convenience. The factor of 1/6 in (4.8) is due to the removal of a factor of 1/2 from the 
matrix element of Casey and Panish [4.12] in order to account for a consistent derivation
[4.13]. It should be noted that the polaiization dependence is described by a factor P in
(4.8). After substituting (4.6) - (4.9) into (4.5), it becomes
e,(œ) = E  , (4.10)
3»ice„ M K ( £ r p /
where the S’s have been omitted for simplicity. The summation teim in the square 
bracket over the transverse k* in (4.10) can be changed into an integral over the transverse
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energy E, = h^ Iktf^ /(2 mcv*) in the following :
1 ^  P g£ 7  r
v ç s = ^ . h  ■ - >
Now the final form of 6 2 (0 )) can be expressed as :
F # )  = ■- E  K V c p W P  ^p,0>«') ■ (4.12)
f^c P'^
/>co) ^ I d E ,     , (4.13)
0  (^  Tpp+g, ) ' M
where the polarization factor P is defined as :
1(1+Ep) HHptE ^ 4 (4.14a)
1 (1 - I e . )  U i4 5 "
h l - E , )  HH
2  (4.14b)
i( l+ 3 £ ^ )  LH
and
E , = _____________   . (4.15)
%  + £y, + E,
Eg, e, Ë Tpq, E( , and F aie tlie free space peimittivity, electronic chaige, total interband 
transition energy, in-plane transverse energy, and half maximum at half width of the 
intraband broadening, respectively, and the summation in (4.12) is summing over all the 
bound states. The values of m^ H* and m^ n* in the reduced electron-hole mass nicv* also
8 8
need to be replaced by those along the transverse x-y direction and they aie given by the 
Luttinger paiameters and Y2  as follows [4.14] :
^HH “  1 ^ 0  /  (Ti Ji) (4.16)
niLH* = nio /  (Yi -  Ya), (4.17)
where the y ( w ) ’ s  aie taken from [4.15] with a lineai* inteipolation on w. They work out
to be 0.101 ^  mniiVm,, ^0.112 and 0.193 ^  m^ nVm^ , < 0.208 for 20Â < < 100Â, which
are about the same values used by others for the SQW [4.6].
4.2.2.2 Results and Discussion
The results presented here aie based on the HQW model with P defined in 
Eq.(3.17). The a(co)’s for the TE and TM polarizations aie readily obtain by summing 
the HH and LH contributions in both polarization cases and (4.13) is integrated 
numerically. It should be noted that in (4.14) the heavy hole (TM) contribution for 9  can 
be zero at the F-valley subband-edge (kj and Ej = 0, Er = 1, P™ = 0), and increases with 
E(, reaching a ratio of 1:1 (HH:LH) at Er = 1/3 and a maximum ratio of 3:1 for large E^ . 
Thus the P™(HH) remains negligibly small compared to the P™(LH) for small Ej above 
the subband-edge [4.15], but this is not true at higher energies. However, for the TE 
polarization the HH and LH contiibution to P are in the reverse order; they start with a 
ratio of 3:1 (HH:LH) at the subband edge and break even at Er = 1/2, finally reaching a 
ratio of 3:5 at high energies. Consequently, the QW absoiption spectra for the TE and 
TM polarizations aie sensitive to both heavy hole and light hole transitions. This is 
demonstrated in the individual contributions from HHl and LHl to the absorption 
coefficient of the different polarizations, as shown in Figure 4.6. The TM polarization is 
clearly seen to be dominated by the LH contribution and is larger in magnitude than the 
TE case at the LH peaks, while for tire TE polarization, the HH contribution is slightly 
larger than the LH one and the effect is more pronounce at the HH peaks. This difference 
of the absorption coefficient peaks for TE and TM polarization has been obser*ved 
experimentally around the absorption edge in waveguides [4.4, 4.5], but it has not been 
predicted by the Green’s function metliod [4.16]. The polarization dependent magnitude
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of the absorption coefficient is due to a heavier effective mass for the LH, which is twice 
that of the HH (i.e. 2:1) in the transverse direction and a larger polarization factor ar ound 
the band-edge in the case of TM, both of which favour contribution to a larger Otm peak. 
In the TE case around the subband-edge (E, “ 0, Er “ 1 in P), the polarization factor 
contributions from LH and HH are about 1:3 (as against a 2:1 contribution from then- 
transverse effective mass), thus give rise to a larger HH related absorption. Figme 4.6 (b) 
shows the TE and TM absorption coefficients due to both the HH and LH contributions 
for the case of L^  = 100Â, L  ^= 40Â. The peaks correspond to the Cn-HHn and Cn-LHn 
related transitions for the TE and TM polarizations, respectively. It can be seen that (Xte 
> oCtm around the Cn-HHn peaks while oCtm > OrE ^or the Cn-LHn peaks.
The effect of interdiffusion on the absorption coefficient of the HQW for TE and 
TM polarizations is shown in Figme 4.7 for a well width of 100Â. These results show 
significant blue shifts of the absorption edge in all cases as interdiffusion proceeds. The 
magnitude of the first absorption peak above the absorption edge remains about the same 
for different L^’s in both polarizations although the resolution of the TM case is greater, 
due to a larger light hole contribution in between the heavy hole peaks in the TE case, 
while there are almost none from the heavy holes in the TM case. However, as shown 
in Figme 4.7, the second peak magnitude increases with L^ j until L  ^> 60Â in the TE case 
where most of the confined states are merged into the continuum, and this effect is more 
enhanced in the TM case with the merging of the continuum states occms for L  ^» 100Â. 
For a more extensively interdiffused QW, such as L  ^= 100Â, virtually no peaks are found 
since all the transition energies line up very near each other at the top of tire QW, so that 
it resembles a bulk-like material.
4.2.3 Exciton Resonance
In this section, the effect of interdiffusion on the IS-exciton binding energy and 
optical absorption coefficients due to interband transitions is calculated in an undoped 
single Alo.3Gao.7 As/GaAs QW (see Figure 3.1(b)) with thick bariiers (5000 Â) at room 
temperatme. The interdiffusion induced non-square QW considered here is modeled by 
an error function shaped QW (EQW) [4.17].
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4.2.3.1 Perturbative-Variational Method for the Exciton
The values of the necessaiy parameters required are given in Table 4.1 unless 
otherwise stated. The IS bound exciton wavefunction is detennined by a perturbative- 
vaiiational method [4.18]. The exciton envelope function, \(/is(p), and binding energy, 8^, 
aie defined by :
4%Vis(P) = a*(2TZ)— exp(-2pV û’*) (4.18)
(4.19)
where a* = 47ie:hV(p*| |C^ ) and R* == p’ | |eV(32jc^e^h^) are the exciton Bohr radius and 
Rydberg energy, respectively, p is the relative distance between the election and hole 
(HH or LH) in the QW along the tr ansverse dhection, denoted by | | , which is parallel 
to the QW layer (i.e. the xy-plane perpendicular- to z). The values for the effective 
reduced mass in the transverse direction, p*| |(w), and the static dielectric constant e(w) 
are listed in Table 4.1. The variational parameter X is obtained by minimizing the 
following :
JJ IVciW  r  IVvi(zv) I' {'/4a, + Z - VikZI -  N,(4XZ/ag)]} dz,dzv (4.20)
where z^  and Zy are the position of the electron and hole(s), Z = |zg -  Zv|, H  ^ and Nj are 
the Stmve and Neumann functions of order 1, respectively [4.19].
TABLE 4.1 Material parameter for AlGaAs/GaAs QW, mg and Gq are the electron mass 
and static dielectric constant, respectively, in free space.
Al,vGaj_^As/GaAs
Qc • Qv Eg(w) (eV) 
Ao(w) (eV) 
m /W /m g
mjjffl*(w)/mo
miLH*(w)/mo
m| |Hn[(w)/mo 
mj |LH"(w)/mo
e(w)/£o
0.7 : 0.3
1.424 + 1.594W + w(l-w)(0.127-1.31w) 
0.34 -  0.04w 
0.0665 + 0.0835W 
0.34 + 0.42w 
0.094 + 0.043w 
(10.06 -  5.24w)-'
(5.24 -  1.98w)-‘
13.18 -  3.12w
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The absorption coefficients for the bound, otisChco), and continuum, a^ ynChco), 
exciton states aie derived by the density-matiix approach [4.20] and aie given as :
a,s(lico) = 4co|v(p=0)P   ^  2—— (4.21)
“ ...(^“ ) =  E  |(VcilVvPI  ^ A/I'm) . (4.22)ônnj^CfjEf/n^L  ^ «.r
where
A = ----------- ^ ----------- M„ KVc/ I v j  I' p. (4.23)
m (4.24)
/ > « )  = f  d E ,-----------------^ ----------------■I (E „*E , f  [{E^y-’h w f  + m
(4.25)
*6
(VcilVvP = Jv«(^)¥w(z) dz (4.26)
1(1+£^) HHfiZB  ^ 4 (4.27)
| ( 1 - 1 e , )  LH
1(1-E,) HH
p™= f (4.28)1(1+3E^) LH
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The factor P is to account for the polarization (TE or TM) of the incident photons where 
Er = (Ecj + Ev(')/(Ecî + Evj' + Ej), for the IS-exciton, only p = 0 is allowed and hence 
P™ = 3/2 (for HH) and 1/2 (for LH), and P™ = 0 (for HH) and 2 (for LH); nR(LJ is the 
real part of the refractive index; Cq is the velocity of light in free space; m / is the 
effective mass of the electron; E^y = Eg + E ^  + Ey ;^ and the other physical constants have 
theii* usual values. The Sommeifeld factor is ignored here since in the variational 
calculation this can overestimate the continuum contributions [4.16].
4.2.3.2 Results and Discussion
In the numerical implementation of the model described in section 4.2.3.1, all the 
physical parameters required are listed in Table 4.1 at room temperatme, where values are 
available. The EQW structures are examined for different interdiffusion lengths with 
a fixed as-grown A/ m o/e fraction of Wg = 0.3 in the bariier and an as-grown well width 
of Lg = 100 Â. The Sclnodinger equation, Eq. (4.18), is discretized into a non-uniform 
finite difference grid and the eigenvalues are solved by a bisection method. The 
variational integr al (4.20) is obtained by employing a fom* point finite difference scheme 
per dimension.
The exciton binding energy, Ey, is shown in Figme 4.8. It can be seen that, as the 
interdiffusion proceeds, Ey increases initially and then decreases at large L .^ Also, the 
heavy and light hole binding energies merge for « 60 Â due to the fact that a wider 
and shallower well (with respect to the as-grown QW) is produced by the interdiffusion, 
and hence the HHl and LHl levels are now very close. Figme 4.9 shows the exciton 
transition energy, defined as E^y + Ey, which is seen to increase monotonically and the 
merging effect is demonstrated once again. Since the present study is dealing with IS 
exciton only, a discussion on the first subband is sufficient. The reason for the non­
monotonic variation of the binding energy can be explained by the variation of Uco? as 
a function of L<j, in that the effective widths of the QW are wider and narrower (with 
respect to the width at L  ^ =0) above and below the COP, respectively. The E ^  shown 
in Figme 4.10 increases to a maximum at about L^  » 20 À and then decreases to zero. 
This is due to the initial nariowing of the well width while the COP remains constant and, 
as interdiffusion proceeds further (L  ^> 20 Â), the well depth also decreases and the COP
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moves down which causes the subband energies to decrease. The first subband is now 
above the COP with a wider width which increases with L .^ The merging effect can also 
be explained in the same manner: for large L^’s the well is very shallow and wide, so 
that all the levels are merged together since, in the limit of a bulk material, the heavy and 
light holes are degenerate.
The absorption coefficient for the IS bound exciton and the exciton continuum 
with respect to the non-interacting Coulumbic ground state C l-V I in both polarizations 
are defined as :
oc™(hco) = oCjs + ocis, c^on, c^on, (4.29a)
a™(hco) = Ois. LH™(^œ) + m™(l^co). (4.29b)
This is shown in Figures 4.11 (a) and (b) for tire TE and TM polarizations, respectively. 
In the TE case, the exciton related HH and LH absorption peaks are clearly seen and, as 
Lj increases, these peaks merge together, as discussed above. This merging effect adds 
the two absorption contributions and thus a larger single absorption peak results. This 
effect is also reported in strained QW material systems by the application of the 
appropriate amount of strain together with an external electric field to tune the merging 
effect on and off [4,21], In the TM case, since only the HH exciton is allowed for the 
IS exciton, the absorption peak reduces with increasing L .^ However, the absorption peak 
magnitude is about 1,5 times higher than the TE case due to polarization effects.
This effect may be used in optical device applications where interdiffusion can be 
used to tune the operating wavelength whilst retaining the same oscillator strength and, 
since the refractive index is also changed due to the shifting of absorption edge, it will 
be able to provide a lateral confinement of light. This lateral confinement is important 
in a planar- technology where modulating and waveguiding devices can be integrated 
together on a single substrate.
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4.3 INTER-SUBBAND ABSORPTION COEFFICIENTS
The unusual optical properties of intersubband tr ansitions in quantum wells (QW) 
at long wavelengths have recently given rise to their use as far infrared (IR) detectors
[4.22]. Since the prediction and first obser-vation of intersubband absorption at long 
wavelengths in a AlGaAs/GaAs QW structures by West and Eglash [4.23], there has been 
a growing interest in their optical properties; such as the nonlinear- optical rectification
[4.24] and carrier density dependence [4.25]. However, to date the effect of well shape, 
and in par ticular- that of the non-linear- confinement profile, on the intersubband optical 
properties has only been studied for fixed parabolic QWs [4.26]. This study represents 
the first theoretical investigation of the linear* and nonlinear intersubband absorption 
coefficients in an interdiffused AlGaAs/GaAs QWs, whose confinement profile is 
described by an error function [4.27]. This interdiffusion process is characterized by a 
diffusion length, which is defined as L^ j = (Dt)^ ^^ , where D and t are the diffusion 
coefficient and time respectively. The EQW model has been used previously to predict 
the optical properties of non-square QW due to interband transitions [4.7].
4.3.1 Model
The model for intersubband tr ansitions in QWs is based on the one-electron density 
matrix for-mulation [4.28] where the incident photons have a TM polarization, i.e. where
Athe electric field vector e of the incident optical wave is oriented along the QW 
confinement direction (z-axis). This gives rise to maximum absorption since, for arbitrary 
polarization, a factor of cos 0  should be introduced in the matrix element, where 0  is the 
angle between the z-axis and e. The linear*, ai(co), and third-order, 0 1 3 (0 ), I^ p), absorption 
coefficients, for the transition between the two lowest conduction subbands (E  ^ and E2 , 
where E^  < E^) are given as follows :
a ,«o) = ^ _____  (4,30)
( £ „ - to ) "  + r t
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« 3 ( c o ,  V  =  ■ (4.31)«s^oC„ (E.j-'hO))® + r t
where e is the electronic charge; n^ = nR(Lj) is tire refractive index of the interdiffused 
QW; c. is the speed of light; Gq is the vacuum permittivity; ’h is Planck’s constant;
= E2  -  El is the subband gap; (= 5 meV) is the lifetime broadened half linewidth; I^ p 
= 0.5 MW/cm^ is the fixed incident optical intensity; N = N(EJ -  NCEj) is the electron 
concentration difference between the two subband levels with a fixed Fermi level E^  
slightly below Ej at a temperature of 300 K, which in most cases yields a earlier 
concentration (N -  10^  ^ cm"^) for typical detector devices where the electron screening 
effects are neglected; Pi2  = is the off-diagonal matrix element, where \|/i and
Yz ai'G the envelope part of the subband states, and are obtained numerically by a finite
difference method assuming a conduction band offset splitting of 70%, as-grown A1 
composition x = 0.15 and 0.3, mg*(x) = 0.0665 + 0.0835x, and for (0 -> 60 A).
The two QW structures to be analyzed are defined as :
CASE I : Lg = 70 A, X = 0.3, Ef = 50 meV, and
CASE n  : L, = 80 A, X = 0.15, Ef = 35 meV.
These structmes are chosen so that the as-grown QW (L  ^ = 0 A) consists of only two 
electron sub-levels with Eg aligned just below the Al^Ga^.^As conduction band in both 
cases. Thus, the intersubband transition almost coincides with photoionization energy, and 
is expected to yield the highest detectivity for a given photon energy [4.29].
4.3.2 Results and Discussion
The results presented here are based on the EQW model. The total subband 
absorption of the structure is given as cxr(o), lop) = « 1(0 3 ) + a 3 (co, I^ p), which is shown in 
Figure 4.12 (CASE I) and Figure 4.13 (CASE II) for various values of . As can be 
seen in Figure 4.12, interdiffusion initially causes (Xt to decrease, followed by an increase.
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and then a decrease. The initial reduction of can be explained by the raising of due 
to a narrower well width at the bottom of the non-square QW for small L^’s, as explained 
in [4.30], whilst Eg remains at about the same level. This would cause N to be reduced 
from 4.3 x 10^ ’ cm“  ^ (L^  = 0 Â) to 2.1 x 10^  ^cm"  ^ (Lj=20 Â), i.e. a reduction of « 50%, 
and then increase to a maximum of about 10^ * cm"  ^ (Lj=40 Â). However, the (Xr peak 
drops more rapidly with increasing since the negative «^(peak) ©c whilst the 
positive a^Cpeak) ©© p^ g^ , where p^ g is an mcreasing function of L .^ A bleaching effect can 
be seen at large L^’s which is similar to that observed at = 0 Â using a higher incident 
optical intensities (I^ p >1.5 MW/cm^) [4.25,4.28]. The variation of the 0^ peak positions, 
as shown in Figure 4.12 (a) to (f), is about 153 meV (43 pm) which provides a wide 
tuning range for the operation of detectors.
Figure 4.13 shows the absorption coefficient for the str ucture denoted as CASE II 
above, which has a lower barrier height and a lower Ep. The average of the absorption 
peak magnitudes are reduced and the variation of the cx^  peak positions is much smaller, 
76 meV (13 pm), although the values of 0 ^ are more or less the same. This can provide 
a more uniform device operation over the conesponding wavelength range. The reduced 
absorption is due to the lower Ef level causing a smaller N (5.3 -  6.3 x 10*^  cm"^), and 
the small variation of the (X^  peaks is due to the small variation of the Ej levels over the 
range of used, since it consists of a shallower as-grown QW and therefore the 
movement of the quantized levels is less sensitive. The bleaching effect is seen to be 
stronger here.
4.4 SUMMARY
The results for the HQW polarization independent absorption coefficient presented 
here show that the shape its edge is determined primarily by the shape of the QW, which 
is modelled here by the diffusion length for the well-bariier interdiffusion process, while 
the well thickness has much less pronounced effect. Also the peak absorption is str ongly 
dependent on both the shape and thickness of the QW.
In the case of HQW polarization dependent absorption coefficient for the non­
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interacting election and hole, the results accuiately predict the relative magnitude of the 
absorption coefficient for the TE and TM polaiizations which is in agreement with 
published measuiements near the absorption edge in waveguides. The spectr al absorption 
curwe for the TE polarization is found to be determined by both heavy and light holes, 
while only the light holes have a significant effect on the TM polarization. The 
magnitude of the absorption at the subband edges for TE and TM polarizations is sensitive 
to heavy and light hole transitions, respectively. These results also show that the profile 
of a quantum well has a significant effect on the absorption coefficient of both 
polarizations. In particular*, as interdiffusion proceeds, the C l-V I related peaks remain 
about the same magnitude for both polarizations while the C2-V2 related peaks increase 
in magnitude for TM polarization only. In addition, the maximum absorption at higher 
energy is seen to increase with diffusion length.
The theoretical result is presented for the IS-exciton absorption coefficients in an 
interdiffusion induced QW based on an erTor function confinement profile. An 
enhancement of oscillator strength is demonstrated because of the increasing density of 
states and the merging of the heavy and light hole excitons resonance in TE polarization. 
Although the increase is not very large, since the EQW str ucture is not optimized, it is 
believed that the right amount of interdiffusion and optimized QW str ucture can produce 
interesting device properties.
For the inter-band absorption coefficient, there are still differences between the 
present theoretical results and experimental results. The valence band-mixing effect for 
the exciton, non-parabolicity for the electrons and light holes, and the Fano resonance 
effects also needs to be taken into account in further improvements of the model.
The first theoretical prediction of intersubband absorption coefficient of 
interdiffusion induced QW’s is presented. The well shape variation can provide a large 
tuning wavelength range in the far IR region with an almost constant absorption. This 
may be used to produce a wide bandwidth detector if a series of QW’s with different L^’s 
is used. The advantage of this non-square QW structure may also provide lower leakage 
cuiTent due to reduced tunnelling between the wells, since the bariier thickness at the 
ground state energy is always thicker than that at the excited state energy.
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Figure 4.1 Schematic diagram of a lateral confinement quantum well structure produce 
by impurity induced disordering. The guiding requirement in the stiipe 
sti'ucture is a larger refractive index, n^ , in the core tlian that, nj, in the 
cladding regions.
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Figure 4.2 The Alg^ gGao yAs/GaAs HQW (L  ^ = lOOÂ) confinement profile with P 
defined by Eq.(4.1) for a range of diffusion lengths, the confinement 
direction and potential are normalized to the well width and as-grown 
bai'rier height respectively. The lines aie represented for the ratio = 
0 (solid line), 0.20 (dotted line), 0.40 (dotted dash line), 0.75 (dash line).
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Figure 4.3 Geometiy of the QW structure with the iii-coming EM light incident 
peipendiculai- to the QW layer, i.e. light polarized along the QW layer.
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Figure 4.4 (a) The vaiiation of absorption coefficient with wavelength for a range 
of quantum-well thickness with the diffusion length being half of 
the well thickness. Here F = 5 meV, Wq = 0.3, and = 60 Â 
(solid line), 110 Â (long dash line), 130 Â (dotted line).
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Figure 4.4 (b) The variation of absoiption coefficient with wavelength of a 100- 
GaAs quantum well for a range of diffusion lengths. Here T = 5 
meV, Wq = 0.3, and = 10 Â (solid line), 50 Â (long dash line), 
75 Â (dotted line), 1000 Â (short dash line).
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Figure 4.5 Geometry of the QW structure with coordinates designated for the cairier 
wave vector and the EM light incident along the QW layer. The EM 
electric field and the election-hole dipole aie denoted by E and D 
respectively. is the QW width, Kj represents the component of the three 
dimensional canier wave vector (k) in the transverse direction (along the 
QW layer) while k^ i and Ic,^  represent the wave vector in the quantized 
direction for the first and second levels respectively.
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Figure 4.6 (a) The individual contributions of the absorption coefficient due to HH
and LH for TE (solid line) and TM (dot-dash line) polarizations in a HQW. 
(b) Tlie total absorption coefficient for (a). The transitions energy aie 
indicated by T (h) and T (g) for the heavy and light holes, respectively.
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Figure 4.6
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Figure 4.7 The absoiption coefficient for different polarizations of a lOOÂ wide HQW 
for different diffusion lengths L^ . (a) TE, (b) TM.
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Figure 4.7
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Figure 4.8 The binding energy of exciton for heavy and light holes as a function of
interdiffusion length.
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Figure 4.9 The exciton transition energy for heavy and light holes as a function of
interdiffusion length.
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Figure 4.10 The electron, heavy hole, and light hole first subband-edge energies, and 
interdiffusion induced bulk bandgap as a function of interdiffusion length.
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Figure 4.11 The abosrption coefficient for exciton as a function of interdiffusion length, 
the IS exciton continuum conüibution is also included, (a) TE polarization 
and (b) TM polarization.
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Figure 4.11
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Figure 4.12 The room temperature intersubband absorption coefficients, (Solid),
(dot-dash), and a , + a j (dot), in a 70Â wide Alo.3 Gao.7 As/GaAs EQW 
for different diffusion lengths = (a) 0 Â, (b) 1 0 Â, (c) 2 0 Â, (d) 30Â, (e) 
40Â, and (f) 60 Â.
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Figure 4.13 Same as Figure 4.12 except with AI0.15 Ga^g^As/GaAs and = 80Â.
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Chapter 5
The Effect of Interdiffusion on the Refractive Index of
an AlGaAs/GaAs NSQW
5.1 INTRODUCTION
It has been shown in Chapter 3 that the quantized energy levels aie more sensitive 
to non-squaie quantum well shapes than to squaie well shapes. Consequently the non­
square QWs aie clearly of interest as promising candidates for theii* ability to tailor the 
optical properties of the shuctuie, and may give rise to novel optical device operations. 
The selective induced composition disordering of QWs using masked ion implantation or 
impurity vacancy diffusion is a useful technique for providing lateral photon confinement 
in the fabrication of integrated structui'es, such as the planai* integiation of waveguides, 
modulators, and lasers on a single substiate for optical integiation. In spite of a large 
interest in this technique, limited knowledge is known about the properties of the 
refractive index produced by this technique at wavelength around the QW band-edge for 
modulator applications and at long wavelengths (< 1 pm) for waveguide applications, and 
also the change of the lateral refractive index step (see Fig. 4.1) between the disordered 
and the unintentional disordered regions. As this lateral index step is a key parameter for 
the design of integiated optoelectronic devices, tliere is a strong need to understand it 
variation with the extent disordering. Moreover, in the reports published of a 
waveguiding nature, the wavelength range of interest is often characterized around or 
below the active QW layer band-edge. It is expected that, from a theoretical point of 
view, the refractive index of the disordered QW should strongly depend on the str ucture 
of the subband (other than just the band-gap, which is only the lowest subband-edge). 
This gives rise to a strong variation of the refractive index at wavelengths ar ound and 
below the band-edge of the QW and may affect the refractive index at longer 
wavelengths. These form the main theme of this chapter.
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5.2 REFRACTIVE INDEX STEP BETWEEN DIFFERENT INTERDIFFUSION 
INDUCED QW STRUCTURES
In this section, the effect of interdiffusion on the change of refractive index at 
long-wavelengths (beyond QW band-edge) is presented in a single GaAs/Alo gGa^jAs QW 
(see Figure 5.1) with thick bariiers (5000 Â) at room temperature. The interdiffusion 
induced non-square QW is modelled by a hyperbolic QW (HQW) [5.1]. This refractive 
index change, An^, which can be defined as the refractive index difference between a 
partially disordered and a more extensively disordered QW due to the thermal 
interdiffusion of trivalent atoms across the well-bariier interface (see Section 5.2.1), is 
given by :
Ahr = nR (partially disordered QW) -  Or (extensively disordered QW).
The refractive index change can also be defined as the refractive index difference between 
the as-grown square-QW and a partially disordered QW (see Section 5.2.2) and it is given 
by :
AnR = nR (square QW) -  Ur (partially disordered QW).
It should be noted that the exciton effect is not considered in all of this Section 5.2.
5.2.1 Partially and Extensively Interdiffused QW Structures
The refractive index calculation includes all the bound states in the QW structure 
between ±5000Â from the centre of the well, and the continuum states are included here 
by a bulk-value approximation. Since our interest is in the lower energy range (0.8 eV 
to 1.3 eV), which is equivalent to the long-wavelength range (0.9 pm to 1.5 pm), and in 
the determination of the difference of the refractive index, this model is adequate for the 
prediction of the Aiir trend. The AnR is defined in this section as:
AnR = Hr (partially disordered QW) -  nR (extensively disordered QW).
The difference in refractive index between the partially aird extensively disordered 
material far* from the centre of the well (larger than 3LJ is also assumed to be zero, since
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its contribution is about an order of magnitude smaller than that from the centre region 
of the QW stmctme. Although the results obtained here are for a single QW, this model 
has the potential to model MQW structures with some extensions, and, in particular, it 
will be useful to model the high energy states through the analytical form of the solution. 
However, the An^ predicted here may still be applied to MQW str uctures to indicate the 
trend of the lateral confinement criterion (An^ > 0) for photon confinement, which is one 
of the requfrements for waveguide propagation. Consequently this model provides some 
insight into the properties of MQW waveguides.
The interdiffusion is characterized by a diffusion length which is defined here as 
Ld = (Dt)*^ ,^ where D and t are the diffusion coefficient and annealing time, respectively. 
A small value of corresponds to a partially disordered well while a large value of Lj 
corresponds to an extensively disordered well, and Lg —> con*esponds to a fully diffused 
well (a uniform composition structure).
5 .2 .U  Dielectric Function Formulation
Once the election and hole envelope wavefunctrons and subband energy levels of 
the QW structure have been determined, the dielectric function is calculated and is then 
used to obtain the change of refractive index with well shape. Since the present interest 
is in the long-wavelength QW quantization effect which manifests itself over a limited 
energy range, the calculation is based on the dhect bandgap interband transitions in the 
F-valley [5,2]. The dielectric function approach is chosen here to connect the band 
structure with the optical properties, since its expression is free from the refr active index 
and, in principle, it allows all the optical constants to be determined [5.3].
The imaginary part of the dielectric function, is expressed in terms of the 
optical matrix element as [5.4] :
^0^ K
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where Eq is the free space pemiittivity, co is the incident photon frequency, V is the 
volume of the QW, and the factor of 2 accounts for the spins; <Ycp |¥vq> is the overlap 
integral between the p‘^  conduction subband and the q* valence subband due to the 
confinement effect of the envelope functions, which is proportional to the transition
probability; g is the polarization unit vector in the direction of the electric field of the
incident electr omagnetic radiation, which is par allel to the xy-plane, and Mpq is the optical 
dipole matrix element between the p‘^  and q“' band due to the in-plane effect of the Bloch 
wavefunctrons [5.5]; S£ denotes a Lorentzian distribution for the spectral broadening effect 
due to the intraband canier-carxier scattering [5.6], Ë^pq is the interband transition energy 
with a parabolic dispersion in the transverse dhection; and 5 denotes the Dfrac delta 
function which represents the k-selection rule [5.7]. In (5.1) it is assumed that the valence 
band is filled and the conduction band is empty, as in an undoped material. The 
summation over the energy subband p,q is restricted to the bound states only where the 
contribution from the continuum states is included through a backgr ound terxn defined in
(5.7). These terms in (5.1) are defined in Section 4.2.2.1 with (4.8) replaced by :
It should be noted that the polarization dependence is removed from (5.2) since the 
incident light propagates along the growth axis and therefore the erxor produced is 
minimal [5.8]. However, in the case of light propagation perpendicular* to the growth 
axis, the polarization dependence should be included because of the unique dependence 
of the TE and TM modes on the heavy and light hole transitions in the QW [5.9]. After 
substituting (4.6), (4.7), (4.9) and (5.2) into (5.1), it gives
e,(0)) = E  l< ¥ c J V P  ’ (5-3)
3mc£-o «  *• ( ^ T p /
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where the ô’s have been omitted for simplicity. For an isotropic material, the summation 
term in the square bracket over the transverse kj in (5.3) can be changed into an integral 
over the transverse energy E, = I k^  P /  (2mcv*) in the following :
where
/  0.(0) = ^  !  +' £VjOiCD)^+n r[Chm)"+n'' 2 ' r
(Ê  I ] . (5.5)^(0 f„r
[( to )^ + n ^  (£;Vp,-')'(o)^+r“'
The final form of 6 2 (0 )) can be expressed as :
^2((0) = E  I<¥cpI¥k.,>P p^,0'O) . (5.6)hTt mç p,q
and the real part of the dielectric function ei(co) can be obtained from the imaginary part
(5.6) using the Kramers-Kronig transformation [5.10] to give
. ( C û ) = e , + i f f î ^ c o ' + l E  J ' f î ^ d c o '  (CO>(0), (5.7)7t {  CO'+CO 7t J CO'-CO
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where is a background dielectric constant due to the other optical transitions, such as 
the higher energy transition contribution from the continuum states, and is approximated 
by the bulk values [5.11] which are taken as a function of the bandgap of the diffused 
material; this is an approach also taken by Chang and co-workers [5.12]. The second 
integral in (5.7) is a finite set of subdivided integrals in which the subintegration limits 
co'„ do not coincide with the co of interest, in order to permit the evaluation of the Cauchy 
integral numerically [5.13].
The refractive index nR(co), which is the real part of the complex refractive index 
ri(co), is defined by :
T1((0) = nR(co) + j K(co), (5.8)
where k, the imaginar y par t, is the extinction coefficient of the material and nR(co) can be 
expressed in terms of the real and imaginary part of the complex dielectric function :
A(co) = Ei(co) + j £2 (0 0 ) (5.9)
by solving the following relationship :
A(co) = T|"((0 ) (5.10)
to obtain :
nR(co) = (Vi e,(co) + [£i\co) + 6 2 ^]^^^}^^^. (5.11)
This formula can then be used to calculate the change in the refractive index, AnR, 
since both the conduction and valence energy bands of tire partially disordered QW differ 
from those of the bulk or the fully disordered material. Also, as the position of the bound 
subband energy levels varies with the width and extent of the interdiffusion of the weU, 
the refractive index of the material will also vary with these parameters. It should be 
noted that the band structure also depends on the applied electric field, which is 
considered here in Chapter 6.
The above analysis assumes that, in the long-wavelength limit, the contribution of 
the high energy continuum states to the change in refractive index between the partially 
and extensively disordered QW structures is small when compared to that from the low 
energy bound states. Hence, the states above the barrier gap is approximated by the bulk.
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Also, the Ahr contribution from the outer bariier region, away from the centre of the well, 
between the partially and extensively disordering QWs are assumed to be bulk in nature 
and their refractive index difference is an order of magnitude less than that for the centre 
region of the QW stmctme (within ±LJ. For instance, in the case of = 100Â and Wq
= 0.3, AnR w 0.001 between the partially disordered (L  ^^  100Â) and = 1000Â.
5.2.1.2 Results and Discussion
The results presented here are based on the HQW model with |3 defined by 
Eq.(3.17). The effect of disordering (well shape and bandgap) on the refractive index of 
the QW material for different well widths is shown in Figure 5.2 (a) - (c), where the 
refractive index of the well is plotted as a function of wavelength (A = 2 t ic / o) )  for 
between 20 and 100 Â for fixed of 50, 100, and 150 Â, respectively. At longer 
wavelengths (1000 nm ~ 1500 nm), which are far* from the band-edge, since interdiffusion 
(increasing L^) causes an increase of the bandgap, the refractive index increases with 
increasing and decreasing L .^ However, for* the shorter wavelengths around the band- 
edge (680 nm ~ 850 nm), interesting variations of the refractive index are found which 
suggest further* work. The various small peaks of the refractive index at wavelengths 
below 830 nm conespond to the confinement interband transition energies in the QW. 
As Lj increases, these peaks become less pronounced and shift towards the shorter 
wavelengths and, as reaches 100Â, they merge with the smooth refractive index profile 
in the continuum giving an almost smooth refr active index spectrum. This is due to the 
fact that, as the interdiffusion proceeds, the COP is lowered with respect to the lowest 
point of the diffused well, thus causing a larger number of newly created bound states 
with wider spatial extend above the COP, which results in discrete tr ansition energy steps 
that are ver*y near to each other, and hence causes the smoothen effect. For increasing 
weU widths, the peaks shift towards longer wavelengths, increase in number, and 
becoming less pronourrced. Towards the shorter* wavelengths, around 680 nm, there is an 
increase of refractive index for* the larger L^ ,’s which becomes more enhanced at smaller 
Lg, where it is seen to intersect some peaks of the smaller* L^’s. This sharper and 
smoother* rise of refractive index is a consequence of the QW becoming almost bulk-like
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with a single peak, which coixesponds to the band-edge being shifted to shorter 
wavelengths.
For impuiity induced disordering, the diffusion coefficient and hence the 
interdiffusion length for the material containing suitable impurities is significantly
greater than that of the as-grown structur’e (L /°), so that, for a given set of annealing 
conditions, the material containing the impurities is more extensively disordered than the 
as-grown material. It should be noted that, during the initial stages of annealing 
considered here (i.e. 20 Â < < 100 Â), increases significantly while varies
slowly with time, as D for the material containing the impmity is larger than D of the as- 
grown material so that the regions containing impurities are considered to be extensively 
disordered, which has been approximated here by = 1000 Â. Since the interdiffused 
HQW shape for the regions that contain impurities (extensively disordered) is different 
from that for the region that is free of impiuities (partially disordered), a change of 
refractive index (An^) is produced for a fixed annealing time. The variation of An^ with 
L /° ,  for the three different well widths used above, is shown in Figure 5.3 at wavelengths 
of (a) 1500 nm and (b) 850 nm. An^ is defined here as the difference between a par tially 
disordered QW (where varies between 20 ~ 100 Â) and an almost fully disordered 
QW (with a fixed = 1000 Â) during the initial stages of annealing. At X = 1500 nm, 
the results in Figure 5.3 (a) show that An^ is always positive and its value is seen to 
decrease as increases. For instance, for -  50Â, An^ reduces to 2.5% (from 0.04
to 0.001) as increases by a factor of 5 (from 20 to 100 Â). On the other hand, in
a wider weU such as = 150Â, Aur reduces to 14% (from 0.057 to 0.008) for the same 
changes of L /° .  This is due to the fact that, as the annealing time increases, the bandgap 
of the partially disordered QW increases, whilst in the almost fully disordered QW it 
remains almost constant, and results in a reduction of AriR. However in a wider well, for 
the same diffusion length, a smaller increase results in the bandgap so that Aur is larger. 
Hence a larger AnR > 0 can be achieved with a shorter annealing time in a wider QW 
which can be used to provide stronger photon confinement. The shorter wavelengths 
around the bandgap and absorption edge are important for the operation of optical 
modulators. Therefore, in order to achieve optical confinement, such as in a disordered 
delineated waveguide modulator, Aur > 0 must be obtained at these wavelengths. 
Figure 5.3 (b) shows the Aur trend at À = 850 nm; it can be seen that for larger diffusion
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lengths such as L/® > 80Â, and even for L/® > 60Â for = 50Â, An^ < 0. This 
demonstrates the sensitivity of An^ to (t and D) and in addition to the importance 
of using the correct QW parameters.
The change of the refractive index of GaAs with free earlier concentr ation at three 
different wavelengths is shown in Table 5.1 [5.14]. It is interesting to note that the 
optimum changes of refractive index due to the presence of free cariiers is an order of 
magnitude less than that achievable by the modification of the composition profile of the 
QW considered here. This demonstr ates the importance of disordering for the production 
of lar ge refractive index steps which may be used to produce lateral photon confinement 
in waveguides and other devices.
Table 5.1
N.
An = n(N„) - n(N^ = lO’®)
X = 800 nm X = 1300 nm X = 1500 nm
10‘® cm-5 1.0368 X 10 ® 2.7378 X 10 ® 3.6450 X 10 ®
10*  ^ cm ® 1.1405 X 10 “ 3.0116 X 10 “ 4.0095 X 10 “
lO'® cm ® 1.1508 X 10 ® 3.0390 X 10 ® 4.0460 X 10 ®
10'^ cm ® 1.1519 X 10'® 3.0417 X 10 ® 4.0496 X 10 ®
5.2.2 As-grown and Partially Interdiffused QW Structures
In this section calculated results of the effects of width and shape of the quantum 
well on the change of the refractive index is presented for a single 100 Â thick square 
GaAs quantum well with thick AlggGag^As barriers, as is shown in Figure 4.2. The 
results are based on the HQW model with P defined by Eq.(4.1). In order to optimize 
Aur, the refractive index difference between the implanted and unimplanted regions, a 
different interdiffusion rate is required for the two layers, i.e., the implanted and
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unimplanted layers. This can be achieved using the above process where the unimplanted 
quantum-well layers remain unchanged, i.e., a square well, while the implanted QWs are 
disordered and therefore have a graded, i.e. a nonsquare shape such as the hyperbolic 
profile [5.1], which has an increased bandgap. The refractive index for both of these 
profiles is calculated using the real and imaginary parts of the dielectric function, as 
described in [5.15]. These values are then used to obtain the change of the refractive 
index aOr which is defined in this section as :
AnR(lateral index step) = nR(square QW) - nR (partially disordered QW).
5.2.2.1 Refractive Index at Wavelengths Above the First Subband-edge
Figures 5.4 and 5.5 show AjIr for well widths of 30 and 100 Â respectively, for 
both moderate and heavier interdiffusion. The stage of interdiffusion is represented by 
a interdiffusion ratio which is defined here as L/L^, where is the well width and is 
the diffusion length resulting from the interdiffusion, which is related to the diffusion rate 
(D) and the annealing time (t) by = (Dt)^ ^^ . The calculated numerical values of the 
refractive index difference at vaiious wavelengths are given in Table 5.2. As can be seen 
in Figures 5.4 and 4.4, the heavy disordering stage (L /^Lg = 1) always produces a larger 
refractive index difference, which is considerably laiger in the wider wells with an 
increases of about 130% at 847 nm while increases of about 100% are obtained at 
wavelengths of 1152 nm, 1326 nm, and 1500 nm. This can be understood since, as the 
interdiffusion proceeds, the bandgap increases and hence the refractive increase decreases. 
For the wider wells the quantized giound state in the conduction band is relatively lower 
in the unimplanted quantum well, which coixesponds to a smaller bandgap, while in the 
interdiffused quantum well case it remains about the same as for the unimplanted case and 
therefore produces a correspondingly larger AnR. However, for the moderate interdiffusion 
stage (Lj/Lz = 0.4) this is not the case; in fact, a negative change in refractive index (AnR 
^  0 ) is found for a 1 0 0  Â well at the longer wavelengths (1326 nm and 1500 nm), while 
a small refractive index difference (4 x 10'“^) is obtained at a wavelength of 1152 nm, 
which would result in a weakly guiding waveguide. A lai'ger refractive index difference
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of ( 6  X 10'^) is obtained when the wavelength is lowered to 847 nm. The large refractive- 
index differences, which occui* at the shorter wavelengths, can be modified by the 
interdiffusion ratio; for instance, in the 1 0 0  Â well a factor of 2  improvement in the 
magnitude of the refractive index difference can be obtained, as shown in Table 5.2. 
Figure 5.6 shows the vaiiation of Aur with the diffusion ratio for a 100 Â wide GaAs 
quantum well. It can be seen that at the longer wavelengths the refractive-index 
difference changes from a negative value to a positive value.
If these results for a single quantum well are applied diiectly to a multiquantum- 
well waveguide, then antiguiding may be obsei*ved in waveguides containing 100 Â GaAs 
wells, as has been reported elsewhere [5.16]. The wavelength trends shown by these 
results for the onset of guiding and antiguiding aie very similar to those found 
experimentally for TM polarized light, and they demonstiate the validity of the model 
used here. Another feature which emerges here is the abmpt tiansition between guiding 
and antiguiding conditions in waveguides (i.e., positive and negative values of Aur), which 
is seen to occui* for a wavelength of 84 nm for a 30 Â well, as shown in Figure 5.14, and 
increases with increasing well width. Consequently these wavelength-dependent 
chai'acteristics could result in single polaiization operation which may be useful for device 
applications.
Table 5.2
X 847 nm 1152 nm 1326 nm 1500 nm
LyUg = 0.4 1.0 0.4 1.0 0.4 1.0 0.4 1.0
Lg = 30A 3.399 5.134 1.220 2.129 1.034 1.841 0.939 1.690
Lj, = lOOA 5.841 11.91 0.042 4.183 -0.124 3.732 -0.198 3.495
% change 71.8 131 -96.6 96.5 $ 103 $ 107
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S.2.2.2 Dielectric Properties at Photon Energies Below the QW Band-gap
Nonsquai’e QW profiles are considered here, where the values of Aur is dependent 
upon the well profile, and the values of Aur can become negative in certain circumstances. 
This negative value for Aur, and its dependence on the photon energy, is veiy important 
as it detennines the guiding/antiguiding behaviom* of waveguide sti*uctui*es. The 
guiding/antiguiding behaviour of particular QW structures has been observed 
experimentally by Kapon et al [5.17] and Wolf et al [5.18]. These authors compared 
their results to the calculations of Kahen et al [5.19], who deteiTnined the refractive index 
of a QW without disordering, and thus were not able to dhectly explain this guiding 
behaviour.
In this section the complex dielectric function of a single Alo ^ Gao^^As/GaAs QW 
sti’ucture is determined. These results are then applied to a multiple quantum well 
(MQW) waveguide to explain the tiansition between guiding and antiguiding which has 
previously been obsei*ved experimentally.
The stmctme modeled here is that of a single GaAs quantum well witli thick 
AlqgGagyyAs bairicrs on either side. The real and imaginaiy parts of the dielectric 
function, respectively, of the single quantum well can be expressed ([5.15], see also 
section 4.4.1) as :
Jt {  CO'+CO 7C J, CO -0)
where Ey and Eg are the backgiound dielectric constant and free space peimittivity, 
respectively, E 'Mpq(kJ is the interacting dipole matrix teim and 2F is the linewidth of 
the Lorentzian line shape which is used to account for intraband relaxations. The 
quantized tiansition energy Ë^pq and the envelope part of the wavefunction \|/ aie 
determined for the squai'e quantum well (unimplanted region) and for a nonsquaie well
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(unimplanted region) using a hyperbolic quantum well (HQW) profile [5.1]. The HQW 
profile has been used here to model the confinement potential of a disordered QW, as it 
is a good approximation to a disordered well. This profile is veiy similar* to an eiTor 
function profile since it exhibits a finite depth and may be solved analytically. The 
disordered regions are characterized by a diffusion ratio, which is defined here as r^  = 
LyL^, where is the well width and is the diffusion length which is related to the 
diffusion rate (D) of the atoms across the well barrier interface and the annealing time (t) 
by L, = (Dty^\
The spectr al contributions of the quantized energy levels in the QW to the real and 
imaginary parts of the complex dielectric function for a 1 0 0  Â thick unimplanted 
(ordered) GaAs square QW, with r  ^= 0.4 and 1 are shown in Figure 5.7; the contributions 
due to the bulk properties of the structure do not change significantly with well shape and 
therefore are treated as a constant here as it is only the change of the dielectric function 
which is of interest. The £ 2  spectra cleariy show tire shift of the absorption edge to larger 
photon energies and a reduction of the number of quantized energy levels as the 
disordering proceeds (i.e., the band-gap increases). Consequently these results show that :
EgQ^(r, = 0) < Eg«Q>, = 0.4) < Eg«Q^(r, = 1). (5.14)
These results also show that the HQW has a larger peak absorption Eg than square QW 
for small values of r^ , while for* large values of r^  the peak absorption is less than that of 
the square QW. At photon energies just below the band gap the absorption is small and 
the refractive index can be approximated to (Ej)*^ .^ Consequently the e j spectra show that 
the heavily disordered QW has a large An^ with respect to the ordered GaAs well and 
hence strong photon confinement should be achieved at photon energies below the band 
gap.
At photon energies below the band gap, the e  ^ spectrum of the disordered QW 
(i.e., r*j = 0.4) is seen to intersect the Ej spectrum for the ordered QW (r  ^= 0) at a photon 
energy of about 1.05 eV. Thus, below 1.05 eV the refractive index ( = s/^^) of the 
partially disordered QW mater*ial is greater than tire ordered mater*ral while the opposite 
is true at photon energies above 1.05 eV. If this result is applied to the refractive index 
of each QW in a MQW waveguide, then antiguiding (An^ < 0) would result at photon
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energies above that of the intersection. The crossover of the spectrum for a square QW 
(ig = 0) and for nonsquaie QWs with various values of ij between 0.1 and 0.45 is shown 
in Figuie 5.8. The photon energy at which this crossover occurs increases as the extent 
of the disordeiing increases (i.e., for values of r^  up to 0.4). It should be noted that no 
crossover occurs for the case of r^  =0.45 and above so that, for all energies below the 
band gap, the structuie would produce a waveguide. For lai'ger photon energies the limit 
of the guiding range is rather more complex, since the refractive index calculations must 
include the Eg terms which are non-zero for photon energies gieater than 1.38 eV. 
However, since the Ej tenus are still laiger than the Eg terms, E^  provides a reasonable 
estimate of the refractive index of the QW, even at photon energies above 1.38 eV, which 
aie of interest for elecho-absoiption based devices. The exact relationship between n, Ej, 
and Eg is defined as follows [5.1]:
Hr = (ViEi + V2[ey + (5.15)
As can be seen in Figuie 5.8, for the cases considered here the photon energy 
range over which the tiansition between guiding and antiguiding occurs is approximately
1.38 eV to 1.05 eV, although, since the high photon energy limit for waveguiding occurs 
neai* the band gap, the problem becomes much more complex to analyze. It should be 
noted that a naiTower well width will provide a much larger waveguiding range (AnR > 
0), although there is a penalty to pay for the reduced Aur [5.19]. The polarization 
dependent refractive index also plays an important role in waveguiding and those results 
will be published in the future.
For many applications, such as lasers and waveguides, strong photon confinement 
is requiied. Conventional wisdom would suggest that the optimum structure would 
contain no disordering in the guiding layer and a maximum amount of disorder in the 
cladding layer. However, the results presented here show that the gieatest positive index 
change between disordered and ordered material can be obtained by having a small 
amount of disordering in the guiding layer (r^  = 0 . 1 ) and a large amount of disordering 
in the waveguide cladding layers (r  ^ = 1.0). For the case modeled here the refractive 
index difference (Aor) would be 0.3 or about 10% for GaAs.
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5.3 THE POLARIZATION DEPENDENT REFRACTIVE INDEX OF AN
INTERDIFFUSED AlGaAs/GaAs QUANTUM W ELL
There is considerable interest in impuiity or vacancy (impuiity-free) induced 
quantum well (QW) disordeiing, which results from diffusion across the well-barrier 
interface, for the monolithic integiation of devices, such as waveguides, modulators and 
lasers, in optoelechonic integiated chcuits [5.20]. The design and analysis of these 
devices requhes a knowledge of how the optical properties of the diffused QW (DFQW) 
vai’y as a function of the extent of interdiffusion (i.e. disordering). In the design of optical 
waveguides, the weighted average of the refractive indexes, n^’s, of the bulk materials is 
used to represent the refractive index of the multi-QW waveguide core [5.21]. This 
simplified approach is used since the reported experimental measuiement [5.22] and 
theoretical calculations [5.23] of n^ for as-giown AlGaAs/GaAs square QWs aie only 
available for wavelengths ai'ound and above the QW band-edge, i.e. 0.8 pm to 0.9 pm 
(1.38 eV to 1.55 eV). Recently Meney reported a calculation of n^ for DFQW sti'uctures, 
but again, in the wavelength range from 0.816 pm to 0.899 pm [5.24]. It should be noted 
here that for applications in low loss fiber optical communications, the wavelength range 
of interest is above 1 pm. Consequently, there is still a requfrement to detemiine n^ at 
wavelengths around and above 1 pm for both the as-grown square QW and the DFQW 
cases.
In this section, the calculation of the room temperatuie polaiization dependent n^ 
is presented, where the propagation direction of the incident light is in the plane of the 
QW layers, for the Alg gGagjAs/GaAs square and DFQW QW str uctures with 1000 Â thick 
barrier. The model for the total i1 r  is considered by employing a k-p technique to the 
pai'titioned F, X, and L  Brillouin zones of the material and through a hybrid approach. 
This employs the QW calculation for the F region and the application of a bulk 
calculation [5.25] for theX and L regions, since contributions below the barrier band-edge 
only affect the magnitude of Ur for wavelengths above this edge. Relevant calculations 
and material parameters used are weighted equally between the well and barrier 
throughout the model in order to make the results more applicable to device stmctuies.
The DFQW confinement profile is modeled by an error function and the extent of 
interdiffusion is chaiacterized by a diffusion length as defined eaiiier. The subband
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s tinctures aie obtained using spatially dependent effective masses, conduction band non- 
parabolicity, and valence subband-mixing; details of these subband calculations and 
properties is discussed in Chapter 3. A 70:30 F-point band discontinuity ratio is assumed
[5.27]. The exciton effect is calculated using a pertuibative-vaiiational approach [5.28]. 
The F-valley continuum contribution to n^ is calculated for about 40 states (for each of 
the bands) above the bander and then combined with the bulk calculation [5.25]. The 
imaginary paid of the dielectric function for the F-valley, 6 2 ^(0 0 ), is obtained by summing 
over all the above contributions as follows :
£ 2  (CO) = G2®"‘'(cd) + £ 2  (co) + E2 ''™(co) , (5.16)
where co is the angular frequency, is the IS exciton contribution derived by the 
density-matrix approach at the subband-edge without the influence of band-mixing and 
.^^ bound -g conduction-valence band bound-state contribution without the electron-hole 
interaction, which are given below :
E  f  - E f i )  - t o )  dk , (5.17)
TTEoWoCO^L^ P, q
e^M  P6^(0)) = ------^ -----I<¥c/ l¥v/)P l¥,s(*=0) p a (£  „  -  t o )  , (5.18)
where Eg is the permittivity of free space; e and nig are the electron charge and rest mass 
respectively; is the as-grown QW width; = rtig^  P^/3h and P is given by Kane’s 
model; k is the transverse wave vector in the direction parallel to the QW layer; Ep, E ,^ 
and Eg^ g are the electron subband energy, hole subband energy, and exciton transition 
energy respectively; Yc, ¥v> ¥is the envelope wavefunctions for the electrons, the 
holes, and the exciton respectively; S£ is the Lorentzian broadening factor with HWHM 
Fy; the summation in (5.17) is over all the bound states for the conduction (p) and valence 
(q) bands; and P is the polarization factor at the band-edge where P^^ = 3/2 (for heavy 
hole), 1 / 2  (light hole) and P™ = 0  (heavy hole), 2  (light hole). £ 2 '^ °" is the contribution 
from the unbound continuum states above the barrier, which are detemiined using a wider 
(2000 Â width) square QW above the DFQW and by the same method for the bound
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States. The real paît of the dielectric function, ej^(co), is determined using the Kiamers- 
Kronig transformation of which is divided by 2 to account for the well-baiiier
weighing, and is given by :
= 1 + I f f S ^ d c o '  + i f  ^  “ ) .7C4 CO +C0 CO -CO
where the second integial is a series of subdivided integrals in which the subintegration 
limits co'n, do not coincide with the co of interest, in order to permit the evaluation of the 
Cauchy integral numerically. The n^ contributions from the X  and L  regions are 
determined from the real part of the dielectric function Ei^’ (^co) only [where Eg^ ' ^ (co) = 
0], since for the wavelengths of interest, X > 0.62 pm (tico < 2 eV), the contribution 
should be very small. These bulk contributions are averaged continuously for the non­
linear profile within the well and barrier before being weighted 1:1 between well and 
barrier. These E /s  are summed to obtain the real part of the total dielectric function, E /  
= E /  + E j ^ T h e  real part of n^ is now given by [5.29] :
H r Cco)  = [16 E/(co) + 1/2 [ ( e T ( co) ) ^  + (5.20)
Fig. 5.9 presents theoretical results of the TE and TM polarized Or determined 
from (5.20) for values of 0, 20, 40, 60 and 100 Â in the wavelength range of interest, 
although the calculation is performed for wavelengths down to about 0.2 pm. The 
Alg.aGag yAs/GaAs QW str ucture analyzed here has an as-grown well width Lj, = 100Â at 
room temperatrure, where Fy is taken to be 3 meV and 5 meV for the exciton and bound 
states respectively. Fig. 5.9 (a) shows the Or spectra for the TE polarization in the 
wavelength range of 0.7 pm < < 2 pm. Fig. 5.9 (a) shows that the Or spectra for the
different values of rise smoothly to a peak, due to the exciton edge, and then decrease 
with decreasing wavelength, where the fine structure below the barrier-edge is due to the 
contribution from different bound state transitions in the QW. This primary peak signifies 
a similar dispersion which conesponds to the Eg edge of the bulk F -valley. In the TE 
case shown in Fig. 5.9 (b), the primary peak magnitude initially decreases with increasing 
Lj (< 20 Â) and then increases slightly as reaches 40 Â before dropping to
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approximately 3.6 (i.e. the value for bulk Alg^GagyAs) as Lg —> Tlie lower, second
peak, of the spectrum at wavelengths slightly shorter than the primary peak is a 
consequence of the effect of valence band-mixing around the second valence subband- 
edge, where the negative effective mass appears due to the band warping effects. For 
wavelengths above the primary peak positions, the spectra are clearly seen to shift to 
shorter wavelengths as increases, whereas the trend shown by the shorter wavelength 
part of the spectra below these peak positions is much more complicated to analyze. 
Although all the Ur spectra decrease at the shorter wavelengths, as shown in Fig. 5.9, they 
eventually rise again at wavelengths below 0.7 pm when they reach the dispersion edges 
of the X  and L  valleys. For the TM case shown in Fig. 5.9 (b), most of the features are 
similar' to those of the TE case except that the Ur primary peaks for different L^’s 
monotonically decrease with increasing L^ . The sharper and higher peaks in the TM 
polarization, as compared to the conesponding ones in the TE polarization, are due to a 
higher absorption peak for the light hole exciton. The results present here agree in trend 
with calculations reported eariier [5.23], although a wider dispersion is obser'ved around 
the exciton edge here. This may be due to a much larger exciton binding energy and a 
larger effective mass for the heavy hole reported there: Ey(HH) « 17 meV, Ey(LH) « 12 
meV, and m^^^ = 0.5 rUg, whereas in the as-grown QW calculation these values are 7.4 
meV, 8.1 meV, and 0.11 rog respectively. It should be noted that the binding energies 
calculated here agree both in trend and magnitude witli others [5.30] and the value of the 
effective mass is still a matter of controversy for QWs.
The most important feature of the Ur spectra is a decreasing nR with increasing Lg 
at longer wavelengths (> 1 pm), since this enables selective area disordering to be used 
to produce a positive refractive index step, i.e. AiIr = nR(LgJ -  UR(Lg2 ) > 0 for Lgj < Lg^, 
and thus to obtain lateral optical confinement. The upper and lower limits of Or, which 
cori'espond to bulk GaAs and Alg^GagyAs respectively, are shown in Fig. 5.9 for 
reference. The sign of Aor is not so clear* at shorter wavelengths around the band-edge, 
where electroabsorption modulators are used. Therefore care must be taken in designing 
these devices. The above results suggest that the use of the least disordered QW and a 
more heavily disordered QW would provide a wider operating wavelength range, where 
the AnR > 0 criterion holds.
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5.4 THE BIREFRINGENCE OF DISORDERED AlGaAs/GaAs QUANTUM
WELLS
Disordered quantum wells (QWs), which are produced by interdiffusion across the 
well-baiiier interface, are of considerable interest for the monolithic integration of devices, 
such as waveguides, modulators, and lasers, in optoelectronic integrated chcuits [5.20]. 
The design and analysis of these devices require a knowledge of the variation of their' 
optical properties as a function of the extent of QW interdiffusion (disordering). Since 
QW stnrctures are anisotropic they are also bkefringent, which is an important optical 
property in the design of the above optical devices [5.17]. For waveguide applications, 
it is desirable to have a small birefringence and for modulators a large birefringence. 
Although the birefringence of as-grown square QWs has aheady been analyzed [5.21], 
there are no reports available on the analysis of birefringence in disordered QWs. It 
should be noted that the results presented here are concerned with the material 
bh'efringence of the semiconductor QW str ucture, whereas the geometric birefringence due 
to the electromagnetic properties of the specific device structure is not considered here.
In this section, the room temperature bhefiingence is analyzed for 
Alg gOag yAs/GaAs disordered single QW shuctures with an as-grown well width of = 
100Â, and 1000 Â thick barriers. The propagation direction of the incident light is 
parallel to the QW layers, the disordered QW is modeled by an eri'or function [5.26] and 
the extent of interdiffusion is char acterized by a diffusion lengtli Lg = (Dt)*^ ,^ where D and 
t are the diffusion coefficient and annealing time respectively. The bhefiingence (B) is 
defined here as B = n^g -  n^ M, i.e. the different between the TE and TM polarized 
refractive index of the QW material, where the refractive index calculation is based on 
a model developed previously [5.26]. This model includes the excitonic effect, the bound 
and continuum states in the F region of the Brillouin zone, and the bulk contributions 
from the higher energy transitions in the X  and L  regions; the detail of these calculations 
is presented in section 5.3 [5.31]. The QW calculation and material parameters are 
weighted equally between the well and barrier layers.
Fig. 5.10 shows birefringence for various values of Lg for the Alg ^ Gag^yAs/GaAs 
QW, with as-grown = 100Â. As cleariy seen for Lg’s, the large bh'efringence only 
appears in the wavelength range between the band-edge of Alg ^ GagyAs (0.67 pm) and
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GaAs (0.87 pm), where the bound states of the QW are situated as the bulk GaAs and 
AlGaAs are not themselves biréfringent. The bii-efringence of the QW is small (with a 
maximum Ug « 0.003) outside this range.
For wavelengtlis (k) beyond the QW band-edge, B > 0 for the as-gi'own QW (L  ^
= 0) and, as increases, B reduces to zero and then becomes negative (L^ » 20Â) before 
reducing to zero again (L^ j « 40 and 60 A). This trend can be explained in the following 
way. It should be noted that the refractive index at these long wavelengths is dominated 
by the heavy-hole band-edge and light-hole band-edge for the TE and the TM 
polarizations respectively. In the L  ^ = 0 case, as the wavelength decreases from 1 pm, 
B remains positive until A, « 0.85 pm (due to n-rg crossing over n^ M around its peak) and 
turns negative, since at that point reaches a higher peak than n ^  [5.31]. During the 
initial stages of interdiffusion (i.e. < 20Â), both heavy and light hole band-edge
wavelengths decrease due to a rise of the subband-edge energies [5.26] and result in a 
decrease of tlie refractive index. This effect is gieater for the heavy-hole case which gives 
rise to a larger reduction of the refractive index for the TE than the TM polarization, and 
thus results in a reduction of B. This increase of the subband energies also shifts the n^g 
and n^ M edges to the shorter wavelengths at a different extent and, together with their 
change in magnitude, a additional second crossover (A, « 0.82 pm) is created at a slightly 
longer wavelength than the first one (A, « 0.84 pm), where B > 0 (0.82 pm < A, < 0.84 
pm) and B < 0 (A, > 0.84 pm) which can be seen in Fig. 5.10 (b). As increases (L^ « 
40 and 60 A), the value of B further decreases to almost zero for wavelengths beyond the 
QW edge since both the heavy and light hole band-edge wavelengths are now much closer 
due to the more extensive interdiffusion.
In the range of wavelengths between the QW and barrier band-edges, the 
birefringence varies from the as-grown case of |B | < 0.034 and sHghtly increases to |B | 
< 0.038 for the case of = 20A, before reducing to | B | <  0.024 and 0.014 for = 40A 
and 60 A respectively. The wavelength range of this birefringence also decreases from 
0.18 pm to 0.06 pm as increases, where the longer wavelength end of the B spectr um 
moves towards the banier edge as a consequence of interdiffusion. The structure of B < 
0 around the QW band-edge is due to the higher n^ M peak; as increases this peak 
moves toward shorter wavelengths and starts to merge with the one for n^ E (see Fig. 
5.10(b)), passes over it (see Fig. 5.10(c)) and they eventually merging again with a
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reduced magnitude (Fig. 5.10(d)), since the heavy and light splitting and then anisotropic 
properties are now reduced due to the lar ge extent of interdiffusion (L^ = 60Â). The large 
B > 0 region immediately following this spike is cause by the bound-state contribution 
of the QW, which is larger for n^g than n^^. This is because the heavy hole transitions 
do not contribute to the TM polarization and thus results in a lar'ge density of states 
difference to the light hole transitions.
5.5 SUMMARY
A model based on the HQW is developed in this chapter for the variation of the 
lateral refractive index step. An, between the partially (L/Lg < 1.0) and extensively (L/L^ 
= 10.0) disordered Alo^^GaojAs/GaAs non-square QW due to thermal interdiffusion. The 
results demonstrate good lateral confinement of photons (larger An > 0) can be achieved 
with wider QWs using short annealing times at longer wavelengths. For the case of 
shorter wavelengths around the band-edge, the An > 0 criterion is not so clear- as it 
depends on both and which indicates that care must be taken when designing 
devices for operation around the bandgap wavelengths, such as the electr'oabsorption 
modulators. These results also demonstrate that the impmity induced disordering process 
may be optimised to obtain the maximum refractive index change between the partially 
and extensively disordered regions which may be used in a MQW structure to produce 
photon confinement. While the analysis here has been concerned solely with single QW’s 
it is expected that these results give an insight into the properties of disordered MQW 
waveguide str uctures. For devices such as disorder delineated MQW waveguides, where 
the change of refractive index between partially disordered and fully disordered material 
is of interest, the present model can be used to predict this change of refractive index in 
trend. The change of refractive index due to well shape modification ar e also seen to be 
greater than those due to tire presence of free caniers.
The lateral refractive index step between disordered (L/L^ = 0.1 and 0.4) and as- 
grown (Lj = 0) HQW for the implanted and unimplanted regions after thermal annealing 
have also been calculated. The results show that large refractive index steps can be
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achieved from heavily disordered wide wells for use at longer wavelengths, while 
antiguiding can also be achieved in the moderate disordering case. These results also 
demonstrate and verify the presence of guiding and antiguiding in waveguides which may 
be used for various device developments.
For many applications, such as lasers and waveguides, sti'ong photon confinement 
is required. Conventional wisdom would suggest that the optimum structure would 
contam no disordering in the guiding layer and a maximum amount of disorder in the 
cladding layer. However, the results presented here show that the gr-eatest positive index 
change between disordered and ordered material can be obtained by having a small 
amount of disordering in the guiding layer (e.g. = 0.1) and a large amount of
disordering in the waveguide cladding layers (e.g. = 1.0). For the case modeled
here the refractive index difference (An) would be 0.3 or about 10% for GaAs.
The theoretical results of the IS-exciton absorption coefficients in an interdiffusion 
induced QW have been presented. An enhancement of oscillator strength is demonstrated 
because of the increasing density of states and the merging of the heavy and light hole 
excitons resonance in TE polarization. Although the increase is not very lar ge, since the 
present str ucture is not optimized, it is believed that the right amount of interdiffusion and 
optimized QW structure can produce interesting device properties.
The birefringence of disordered AlGaAs/GaAs single QWs have been analyzed. 
The results show that at long wavelengths, the as-grown QW birefringence is small (< 
0.003) and positive, as interdiffusion proceeds it reduces to zero and becomes negative 
before increasing to zero again. For the range of wavelengths between the QW and 
barrier band-edges, a negative bfrefringence (» -  0.04 maximum) is located at the longer 
wavelength side which is followed by a positive (« 0.03 maximum) one at shorter 
wavelengths; both of these bhefringences reduce with increasing interdiffusion.
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Figure 5.1 The schematic diagram of the confinement potential as a function of the 
giowth z-axis [origin at centre of well] for an as-grown (Wq=0.3, Lj=0) 
square (solid line) and an interdiffusion induced [with a variable A1 
concentration w=w(z)] hyperbolic Al^Ga^.^As/GaAs QW, with (3 defined by 
Eq.(3.17), for several values of L^ .
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Figure 5,2 The variation of the refractive index with wavelength for different diffusion 
lengths Lj and well widths : (a) = 50 Â, (b) = 100 Â, (c)
L„ = 150 Â.
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Figure 5,3 The variation of Ahr with for different well widths at wavelengths 
of (a) 1500 nm and (b) 850 nm.
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Figure 5.4 The variation of lateral step An with wavelength for a single 30 Â quantum 
well with moderate and heavy mixing ratio Ld/Lz = 0.4 (solid line) and 1 
(dash line) respectively.
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Figure 5.5 The variation of lateral step An with wavelength for a single 100 Â 
quantum well with moderate and heavy mixing ratio Ld/Lz = 0.4 (solid 
line) and 1 (dash line) respectively.
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Figure 5.6 The variation of lateral step An with mixing ratio Ld/Lz for a single 100 Â 
quantum well with selected wavelengths of 847 nm (♦), 1152 nm (v), 
1326 nm (x), and 1500 nm (CD). The inset shows the antiguiding (An < 0) 
region.
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Figure 5.7 The specfral variation of the real and imaginaiy parts of the dielectric 
constant due to the confined states in the single quantum well structure for 
a squai*e QW and for HQWs with r^  of 0,4 and 1.0.
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Figure 5.8 The variation of the real part of the dielectric constant due to the confined 
states of the single hyperbolic quantum well structure for various values of 
r^  between 0.0 and 0,45.
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Figure 5.9 The refractive index spectia of Alo^Gag^As/GaAs QW, with an as-grown 
well width of 100 Â, for various interdiffusion length L,, for (a) TE and (b) 
TM polarizations. The dotted-dash lines represent tire bulk refractive index 
for the as-grown well and barrier materials.
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Figure 5,10 The birefringence specüa of Al^  jGao^As/GaAs QW, with an as-grown well
width of 100 Â, for various interdiffusion lengths L^ . (a) = 0 Â, (b) Lj
= 20Â, (c) U  = 40À, and (d) L, = 60Â.
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Chapter 6
The Effect of an External Applied Electric Field in
NSQW
6.1 INTRODUCTION
Optoelectronic modulators are fundamental elements of optical communications 
systems, optical computers and other systems in which electronic control of guided light 
waves is requhed. Since the mid-1980’s, modulators based on semiconductor quantum 
wells have been studied extensively [6.1]. In these devices, light is coupled into an 
absorbing region which consists of QW layers sandwiched between barrier layers with a 
larger band-gap. The QW region is in turn sandwiches between p- and n-type cladding 
layers to which ohmic contacts are made to enable a field to be applied across the QW. 
Application of a reverse-bias control voltage to the modulator structure modifies tire 
absorption properties of the quantum wells, hence the amount of light transmitted through 
the QW region, therefore providing voltage control of the output intensity. The small 
size, low switching power, high switching speed, and design flexibility offered by these 
QW devices makes them attractive candidates for optical modulation applications, as does 
their' compatibility with other semiconductor optoelectronic devices, such as laser diodes.
The operation of QW modulators is based on an electr’oabsorption mechanism 
called the "quantum-confined Stark effect" (QCSE), which is unique to quantum-well 
str'uctiu'es [6.2]. Electr'oabsorption is primarily a consequence of the fact that the 
application of an electric field across a quantum well shifts the single particle confinement 
energies of electrons and holes by different amounts, although a field-induced 
modification of electron-hole Coulomb interaction contributes as well. The net effect is 
an overall decrease in the energy of the fundamental optical absorption edge of the QW 
witli applied field. This effect is useful for optical modulation since the transmission of 
light through a QW waveguide may be tirriied on and off by Stark-shifting the QW
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absorption edge to an energy below that of the propagating photons. QW Fabry-Perot 
modulators using the QCSE in this manner exhibit reflection changes as high as 47% for 
an applied voltage swing of 2 V [6.3].
The electro-optic effect in quantum wells (QWs) has attracted wide attention, 
because of its applicability to various optoelectronic devices. The quantum-confined Stark 
effect is most notable, since strong exciton absorption occurs at room-temperature[6.10], 
which demonstrates that QWs are ideally suited for use in optical switching devices, such 
as the self-electro-optic effect devices (SEEDs) [6.11]. Demonstrations using these 
devices have included arrays of SEEDs as large as 128 x 256 (32K elements) [6.12]. One 
drawback of these devices is its switching power, and at present the 32K array requires 
about 1 picojoule to change state. Therefore, there is a requirement to improve the 
performance of the electro-optic modulators to make them compatible with VLSI 
electronic circuits for true optoelectronic integration. The non-linear* QW shape, such as 
the one produced by the interdiffusion process (i.e. QW disordering) [6.13], is a promising 
candidate for such modification. This process has been used in the past to produce optical 
confinement in lasers and waveguides [6.14]. Also it has the potential to improve 
modulator performance, such as a lower driving voltage and increasing the ON/OFF ratio, 
and the ability to form two-dimensional integration [6.15]. The motivation for analyzing 
electroabsor-ption in single QW structmes stems from a desfre to produce high speed 
optoelectronic integrated circuits which include both lasers and modulators [6.16].
One of the major issues for the design of a modulator is the ability to produce a 
high ON/OFF ratio with the quantum confined Stark effect. Since the output of the 
modulated signal is fed into a system for further processing, to some extent the ON/OFF 
ratio requfrement depends upon the system needs and configuration, such as high speed, 
small size, and ability to integrate with other optoelectronic devices. The disordered QW, 
as discussed early in this thesis, may provide a solution to the above requirement while 
at the same time being compatible with existing Si planar technology for VLSI.
In this chapter, the properties of the subbands, due to an applied electric field in 
the disordered QW are presented and the electric field induced change of absorption 
coefficient and refractive index are also discussed.
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6.2 QUASI-BOUND STATES
In the literature, Bastard [6.4] was the first to apply a variational approach to the 
problem modelling the effects of applied field in square QWs. Singh [6.5] applied a 
Monte Cario approach, Austin and Jaros [6.6] used the method of phase-shift analysis, and 
Har*wit and Harris [6.8], Miller et al [6.2], and McIIroy [6.9] used a transmission 
resonance approach. All these methods are not without then* benefits and deficiencies. 
The variational method of Bastard, although computational the most simple, has the 
drawback of not being able to determine the accuracy and region of validity. The Monte 
Carlo method of Singh is very suitable for arbitrarily shaped QW but because of the 
natine of Monte Carlo it is computational extensive. The phase shift analysis is actually 
a technique (also known as stabilization graphs) used in chemistr*y [6.7], it can locate the 
energy level accurately and be able to estimate the broadening factor due to tunnelling, 
however, the one drawback is the graph reading procedme, which makes this method 
indirect. At high enough electric fields, the eigenstates become delocalized and can no 
longer be considered bound. In fact, for any finite value of electric field, there are no true 
bound eigenstates. However, for small enough electric fields and large enough barrier 
heights, the eigenstates can be considered to be quasi-bound in the sense that the 
linewidths are extremely small (less than 0.001 meV). In others, it is necessary to impose 
arbitrary boundary conditions which preclude exactness and in some cases can give 
erroneous results.
The quasi-bound states are obtained by solving Schrôdinger’s equation (3.6) for 
the QW of width under the influence of an applied field F, as depicted in Figure 6.1, 
and which is given by:
d 1 à\sfjz)r  V^(z) = , (6.1)^  dz «Z
where Up is the tilted potential due to the applied field and is given by:
Up(z) = ± e F z (6.2)
As with many numerical approaches, the algorithm can only be applied over a
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finite region of space, which means that we must place arbitrary boundaries and boundaiy 
conditions on the solution. For states that are sufficiently quasi-bound (with small enough 
linewidths so that the state can effectively be considered to be bound) then, if the 
boundary is sufficiently far away from the quantum well, it should have no effect on the 
eigenstates. In fact, this can be used as a reasonable ciiteria for having a well-defined 
quasi-bound state. In our calculations, we place a boundaiy at z = -  Lj, = -  2.5 and 
at z = Lg = +2.5 Lg where -  0.5 and 0.5 ate the edges of the quantum well (see 
Figure 6.1). We assume the aibitraiy baiiier at z = ±Lg has an infinite height where the 
wave function must be zero at the boundaries. The boundaiies aie then moved by a 
certain amount (a few percent) and aie solved for the eigenenergies again, if they do not 
change by more than 0.01 meV then it is safe to assume the eigenstates are well-defined 
(less than 0.01 meV in width). For the giound state with sufficiently laige baiiier heights 
(~ 240 meV) and moderate electiic fields (^ 150kV/cm), we obtain well-defined quasi­
bound states. For the excited state or even for the ground state for large L ,^ the 
assumption of quasi-bound states breaks down at reasonably small electric field 
(> 50 kV/cm). For lai'ge enough electiic fields, the assumption of quasi-bound states 
becomes meaningless for both the giound and excited states as the particle becomes 
unbound and tunnels out of the well.
The confinement potential profile under an applied field, for the interdiffused QW 
(w = 0.3, Lg = 100 Â) is shown in Figure 6.2 (a)-(c) for = 0, Figure 6.3 (a)-(c) for = 
20 Â and Figui^e 6.4 (a)-(d) for = 40 Â, with F = 0, 30 and 50 kV/cm, The conduction 
and valence band are drawn on the same diagram for convenience although the latter 
should be upside down and tilted in opposite dhections. As can be seen in Fig’s 6.3 (c) 
and 6.4 (c) the baiiier for the valence band profile is quite low and becomes almost flat 
in the = 40 Â case. The election, heavy and light holes of the confined subbands are 
shown in Figures 6.5 - 6,10 for cases of between 0 and 60 Â with the applied field up 
to 70 kV/cm except that it terminates earlier when the heavy hole is no long bounded. 
The applied field pulls the electron and hole wavefunctions apart and reduces its overlap 
for all the cases considered. For the cases of = 0, all wavefunctions are bound and for 
the case of L  ^= 10Â the light hole star ts to tunnel out at F = 60 kV/cm, as can be seen 
from the tail of the wavefunction in Figure 6.6 (f). In the case of = 20Â the tunnelling 
does not happen until F = 70 kV/cm since, as discussed in chapter 3, the subband-edge
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moves up during the initial stages of interdiffusion and therefore it is easier for it to 
tunnel out. As the interdiffusion proceeds further from = 30 Â, tlie tunnelling with 
electric field occui’s at a lower field due to the lowering of tlie baiiier, as seen in the 
confinement profiles (Figuies 6,3 and 6.4); for instance the heavy hole starts tunnelling 
out at F = 50, 40, 20, and 20 kV/cm for = 30, 40, 50 and 60 Â respectively. The 
tunnelling out (unbound) of the heavy hole reduces the exciton peak dr astically and may 
sometimes provide a large ON/OFF ratio for the disordered QW structures, as discussed 
in the following sections.
6.3 THE QUANTUM CONFINED STARK EFFECT IN AN INTERDIFFUSED 
AIGaAs/GaAs QUANTUM WELL
The extent of the Stark shift for a specific applied field is dependent upon tire 
shape of the confinement profile and is directly proportional to the effective mass of the 
caiïier, which is dependent upon the subband structure. The DFQW provides an enhanced 
Stark shift because the applied field shifts the subband edge further down in the tilted 
non-linear profile than in the square QW case, and the average of the spatially dependent 
effective masses over the well region is heavier, due to an increasing mass with increasing 
distance from the well centre in the non-linear profile.
The as-grown QW structure modeled here consists of a GaAs well, of width of 
Lg = 100Â, which is clad with 1000Â thick Al^Ga^.^As barriers with Al fraction of w = 
0,3, and the DFQW is modeled by an error function confinement profile [6,17], The 
electron and hole subbands are considered with conduction band non-parabolicity and 
valence band-mixing [6.17], and are calculated numerically, under an applied electric 
field, according to a scheme developed by Bloss [6.18]. These subbands are then used 
to calculate the heavy-hole (HH) and light-hole (LH) related IS exciton binding energies 
and wavefunctions by a perturbative-variational method [6,19], The extent of 
interdiffusion is characterized by tire interdiffusion length, which is defined here as = 
(Dt)^ ^^  (D is the diffusion coefficient and t is the annealing time), and the incident light
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is polarized both parallel (TE) and perpendicular* (TM) to the plane of the QW layers. 
The electric field is applied per*pendicular to the QW layers, such as in a p-i-n structure. 
The Stark shift energy for the HH related transitions in different QW structrues is 
shown in Figure 6,11 for applied fields (F) up to 50 kV/cm; this includes an as-grown 
QW (Lj = 0Â), two DFQWs (L^  ^ = 20Â and 40Â), and an "equivalent" square-QW (i,e, 
a square QW with the same well depth and zero field transition energy as the DFQW 
(Ld = 40Â), which is obtained by adjusting the well width to 86 A), Tire equivalent QW 
is considered here for the purpose of comparison since the depth and tr ansition energy of 
the as-grown QW are very different to those of the DFQW and thus they are not suitable 
for an acciuate comparison with the non-square QW effect. This method of comparison 
is also used by others (Ref. 6,20) by considering an as-grown QW with a modified well 
width for the "equivalent" QW; however, the effect of the effective bariier height (well 
depth) is also considered here. Also it is intended to show here that tire QW shape 
enables Stark shift and absorption edge to be modified in a different way to that achieved 
by well width variations only. It is seen in Figure 6,11 that the Stark shift in the DFQW 
(Ld = 40Â) is larger than that for all the other QWs and at 50 kV/cm it reaches a two fold 
enhancement (93%) over the equivalent QW. This confirms the enhancement effect for 
the Stark shift in an interdiffusion induced QW, which is also sinrilar* in tr*end to results 
measured for a linear* graded-gap QW [6.20], and agrees with a two fold enhancement 
(80%) reported for* impurity-free vacancy diffused QWs [6,20, 6,22] The characteristics 
indicate the advantage of using disordered QWs both in the fabrication of optoelectronic 
integrated circuits and to improve device performance for* the realization of high-speed 
optical modulators with low driving voltages. As increases from zero, the Stark shift 
reduces initially (see = 20Â) and then increases to a value larger than the as-grown 
case (Lji = 0); in other words, during the early stages of interdiffusion, a higher* voltage 
would be needed to drive the modulator to produce the required Stark shift. The reason 
for the smaller* red shift is due to the non-linear* profile, since the subband edge energy 
(and therefore Cl-HHl transition) initially increases with L ,^ up to a maximum at * 
20À for the DFQW structure with I^ = 100Â and w = 0.3 [6,17]. This blue shift would 
work against the red Stark shift in cases with a small extent of interdiffusion (L  ^< 20Â). 
The QW with a larger* extent of interdiffusion (L  ^= 40Â) gives the maximum enhanced 
shift here. However, increasing any further would limit the quantum confined Stark
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effect to a smaller applied field range, due to the unbound exciton beyond this range, and 
would result in a smaller Stai'k shift. For instance in the = 40Â case, this field limit 
is F w 45 kV/cm and is smaller for larger L ,^ such as in the = 60Â case the limit is 
F « 25 kV/cm due to the unbound heavy hole.
The polarization dependent absorption coefficient of the DFQW is calculated for 
the r  region of the Brillouin zone, which includes the transitions from the IS exciton, all 
the bound states, and 40 continuum states above the bariier gap for each of the bands. 
These are given below :
a .„ ,Jco ) = ---------------  E  f K V c W r  S£(£ ( « - £ , ( * ) - t o )  dk , (6.3)
K e ^ n ^ c „ m „ < a L ^  p .i •'
e‘M ^9= -------------;------ l< V c ,IV v i> r iV is (*= 0 )ra :(£ ,„-to ) , (6.4)
where n^ is the refractive index, Cq is the velocity of light in vacuo, Eqis the permittivity 
of free space; e and mg are the electron charge and rest mass respectively; is the as- 
grown QW width; = mq^  P^/3li and P is given by Kane’s model; k is the transverse 
wave vector in the direction parallel to the QW layer; Ep, E ,^ and Eg^ ^^  aie the electron 
subband energy, hole subband energy, and exciton transition energy respectively; \|/c, 
and Yis are the envelope wavefunctions for the electrons, the holes, and the exciton 
respectively; S£ is the Lorentzian broadening factor witli HWHM F^; the summation in
(6.3) is over all the bound states in the conduction (p) and valence (q) bands; and 9  is the 
polarization factor at the band-edge where -  3/2 (HH), 1/2 (LH) and P™ = 0 (HH), 
2 (LH).
Figure 6.12 (a) and (b) show TE polarized absorption coefficient spectra at room 
temperature for an as-grown (L  ^= 0) and a disordered (L  ^= 40Â) Alo.3 Gao.7 As/GaAs QW 
(Lg = 100Â) structure, with applied field up to 50 kV/cm. They are determined using
(6.2) and (6.3) which are weighted equally over the well and barrier layers with the 
relevant parameters, and the broadening factor is taken to be = 3 meV and 6  meV for 
the exciton and bound states respectively. The heavy and light hole exciton peaks are 
more apparent for the as-grown QW than for the disordered QW, where tlie splitting
165
between the HH and LH levels is reduced after interdiffusion and results in a merging of 
theii* absorption peak positions [6.19], It is shown in both structures that the absorption 
peak decreases with increasing applied field, although the as-grown QW starts with a 
higher peak absorption at zero field than does the interdiffused QW; the reduction of this 
peak is much lar ger with fields up to 50 kV/cm in the latter case. This is due to a large 
reduction of the electron-hole wavefunction overlap with the applied field for the non­
linear confinement profile of the DFQW, i.e. the electr on and hole are pulled apart by tire 
applied field but, since the non-linear* wall is lower, less abrupt, and weaker in 
confinement, they tend to move firrther apart and tunnel out more easily as can be seen 
in the case of L  ^ = 40Â, where only a faint exciton absorption remains at 50 kV/cm.
The quantum confined Stark effect of disordered QWs has been obser*ved 
experimentally by others using impurity-free vacancy diffusion [6.20, 6.22], where they 
both found an enhanced Star*k shift in the disordered QW accompanied by a simultaneous 
reduction in the peak absorption, which are also deiuonstrated by this model.
6.4 ENHANCED ELECTROABSORPTION IN DISORDERED AIGaAs/GaAs
QUANTUM WELLS
The electroabsorption effect near* the band-edge of AIGaAs/GaAs quantum well 
(QW) structure has received considerable attention [6.1] for modulator* applications as it 
results in a much lar ger* absorption change than for* bulk GaAs. The optical properties of 
disordered QWs, such as those produced by interdiffusion between the well-barrier 
interface, have also attracted attention [6.23] for* the improvement of optical device 
perfor*mance and optoelectronic integration. The quantum confined Stark effect in 
disordered QWs, also known as diffused QWs (DFQWs), has been reported recently [6.20, 
6.22], although a study of the direct consequence of electroabsorption remains to be 
reported. In this letter, the change of the absorption coefficient, which is defined as 
Aa(F) = a(F) -  a(F=0), due to an applied electric field (F) is studied for* wavelengths 
around the band-edge. The QW structure and the analysis are the same as those used in
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section 6.3 with the exception tlrat only the TE polarization is considered.
Figme 6.13 shows Aa spectra for (a) an as-grown QW, (b) a DFQW (L  ^= 20Â), 
and (c) a DFQW(Lj = 40Â) with fields up to F = 50 kV/cm. As can be seen, two N- 
wave like^ dispersions occur for the Aa spectrum: the one at longer wavelengths has a 
larger amplitude while the shorter wavelength one has a smaller amplitude, and both of 
these are due to the contribution from the HH and LH peaks, respectively. The dispersion 
amplitude gr ows with increasing field for all cases of interdiffusion, and it shifts towards 
shorter wavelengths as L  ^increases. An interesting feature can be found for the smaller 
amplitude dispersion at the shorter wavelengths as shown in Figure 6.13 for F = 50 
kV/cm; here Aa reduces and become negative as interdiffusion proceeds beyond Lj = 
30Â. This is due to the fact that the reduction of the absorption peaks with F are much 
more enhanced for the more extensively disordered QW (i.e. L^  ^ = 40Â), which is 
explained below. Although the HH and LH peaks should be merged for a larger L  ^but, 
because of the applied field effect, they are Stark shifted to a different extent and 
therefore remain separated (see F = 30 kV/cm in Figure 6.13 (c)) until the ground LH 
state becomes unbound (tunnels away) and leaves behind a weakly bound HH, which 
results in a drastic reduction of the exciton absorption peak, as can be seen between F = 
40 kV/cm and 50 kV/cm for the L^  = 40Â case (see section 6.3 for details). This 
provides an enhanced electroabsorption effect in the disordered QW.
The maximum magnitude change in the absorption coefficient, Aa^,,^, with F for 
Lj = 0, 20Â, and 40Â is shown in Figure 6.14. This maximum change occurs mainly in 
the negative values of the dispersion, whose position is also indicated in Figure 6.13. All 
of these curwes are nonlinear* for all values of L  ^ used and at F = 50 kV/cm, Aa^a^ the 
disordered QW (L^ j = 40Â) reaches a 50% larger* than that of the as-grown squar*e-QW. 
This large A a should provide a strong electroabsorption effect for modulators operating 
in the nor*mally OFF mode, for* operation at wavelengths around the F = 0 peak. 
Assuming an ideal situation, a simple calculation for the ON/OFF ratio R is given by 
R = exp (F Aa L), where F is the overlap between the QW layer and optical mode of the 
waveguide which is taken to be 0.01 [6.1], and L is the interaction length of tire 
modulator. If a 10 dB ON/OFF ratio is requtied, a 150 pm long waveguide is needed
 ^ this is defined as the shape of the first derivative of a Gaussian function.
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using the disordered QW (L  ^= 40Â) with F = 50 kV/cm while for the square QW, either 
a 212 pm long waveguide with the same voltage is required or a higher driving voltage 
is required for the same waveguide length. Thus using a disordered QW structure reduces 
the device length by « 30%; however the use of larger (i.e. a greater extent of 
disordering) is expected to produce a greater reduction in device length. The disordered 
QW is therefore particular useful for high speed optoelectronic integrated circuit 
applications since small devices are desirable.
6.5 THE CHANGE OF REFRACTIVE INDEX DUE TO AN APPLIED
ELECTRIC FIELD IN DISORDERED QUANTUM WELLS
The electric field dependence of the optical properties in disordered QWs has been 
discussed above in terms of the quantum confined Stark effect. Apart from the change 
of absorption coefficient with applied field, it is also important to know the size of the 
changes in refractive index associated with this electroabsorption. Large changes in the 
refractive index would make QWs attractive for electro-optic devices such as directional 
couplers. Conversely, it is important that the changes in reference index in high speed 
absorption modulators should not be so large that they introduce chirp in the transmitted 
beam.
This change in the refractive index, Anp, is related to tire change of absorption 
coefficient. Act, defined in section 6.4 and is calculated using the Kramers-Kronig 
relations defined as :
A«/co) = i .  f  dw ' , (6.5)n J (co')^-co^
where c is the velocity of light and the integr al is evaluated within the energy range of 
where the exciton peaks are located. The Aa spectra used are those taken from those of 
section 6.4.
Figure 16.5 (a) and (b) shows the TE polarized Anp with applied fields of F =
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30 kV/cm and 50 kV/cm, respectively, for different values of L .^ The maximum 
magnitude of the change of refractive index, |Aiip|, ranged between 0.04 and 0.06 for F 
=30 kV/cm and between 0.08 and 0.1 for F = 50 kV/cm; these changes are about 1.5% 
and 3% of the refractive index of bulk GaAs, respectively. The maximum Aup is mostly 
negative for all cases with both field strengths and is located around the exciton peak 
wavelength. The effect of interdiffusion, for a smaller field of 30 kV/cm, reduces Aup by 
50% (from = 0) for the smaller L^ , of 10 Â and 20 Â while at = 40 Â its magnitude 
compares with the as-grown case, see Figure 16.5 (a). However, for the larger field of 
50 kV/cm as show in Figme 16.5 (c), the hend of the maximum Atrp decreases at a low 
rate (20%) with increasing L<j from 0 to 40 Â, although only a slightly higher value results 
for the case of = 40 Â, as compared to that of = 30 Â. The smaller Aup results 
from the disordered QW structmes (with a smaller L J  under a smaller applied field 
should provide less chhp for a Laser-modulator type of device while the larger applied 
field should provide more or less the same magnitude of Aup for different L^'s, which can 
be used for the application of optical lateral confinement in waveguide-modulator devices.
6.6 SUMMARY
In summary, the field influence subbands in the disordered Alo gGag ^ As/GaAs QWs 
(w = 0.3, Lg = 100Â) have been calculated for diffusion lengths up to = 60 À with 
fields up to F = 70 kV/cm and for a smaller field, when the heavy hole starts to tunnel 
out of the QW. Results indicate the overlap between the electr on and hole wavefunctions 
reduces with increasing applied electric field, and for cases of more extensively disordered 
QW, the reduction is more enhanced. As the field is increased, the light holes fir st tunnel 
out of the disordered QW and are followed by the heavy hole, where the electrons are 
well bound for all the cases considered here. This tunnelling should give rise to a drastic 
reduction of the exciton peak absorption and may provide a larger ON/OFF ratio and a 
lower driving voltage for quantum-confined Stark effect modulator devices, as compared 
to the square QW case.
The quantum-confined Stark effect has been modeled in the interdiffusion induced
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Alo gGaoyAs/GaAs single QW sti’uctui'es (L  ^= 100Â). It has been shown that the exciton 
Stai'k shift energy in the DFQW (L  ^ = 40Â) is twice as large as tliat produced by an 
"equivalent" squaie-QW at an applied field of 50 kV/cm. The TE polarized absorption 
spectra show a much larger reduction of the exciton peak for the disordered QW than for 
the as-grown QW, Both of the above effects should produce modulators with a higher 
ON/OFF ratio and lower driving voltage.
The TE polarized change of absorption coefficient has been calculated due to an 
applied electric field up to 50 kV/cm in disordered Alo^^Gag^^As/GaAs QWs with an as- 
grown well width of 100Â. The results show an enhancement of the electroabsorption 
effect for the disordered QW. A 30% reduction of waveguide length is also predicted for 
a 10 dB ON/OFF ratio at F = 50 kV/cm for disordered QWs. The associated change of 
refractive index is also calculated from this change of absorption through the Kramers- 
Kronig transformation. For a smaller applied field of 30 kV/cm, the results show that the 
peak magnitude of the change in refractive index, starting at = 0, reduces initially and 
then increases > n magnitude to that of the Lj = 0 case at = 40 Â. An almost 
monotonie reduction (although only 20%) of the change of refractive index results with 
increasing L ,^ except at = 40 Â. These properties may find applications in high 
efficiency modulators for communication and signal processing applications.
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Figure 6.1 Schematic diagi'am of the square QW confinement profile, under an applied 
electric field, which is used as a stiucture (similai- for the interdiffused 
QW) to calculate the subband states.
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Figure 6.2 The confinement profile of EQW (w = 03 , = 100 Â, and = 0 Â)
with F = (a) 0, (b) 30 kV/cm, and (c) 50 kV/cm.
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Figure 6.3 The confinement profile of EQW (w = 0.3, = 100 Â, and = 20 Â)
with F = (a) 0, (b) 30 kV/cm, and (c) 50 kV/cm.
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Figure 6.4 The confinement profile of EQW (w = 0.3, = 100 Â, and = 40 Â)
with F = (a) 0, (b) 30 kV/cm, and (c) 50 kV/cm.
AIGaAs/GaAs
Lz = 10 nm; x = 0.30; Ld = 1 nm; Field = 0 kV/cm
AIGaAs/GaAs
1.2 ^ 10 nm; x = 0.30; Ld = 4 nm; Field = 30 kV/cm
0 4
0.3
0.2
Ë
IE
0.1
s
0.0
-0.1
40-40 -30 -20 -10 0 10 20 30
0 .3 -
0 .2 -
2
1I
§Ü
0.1 -
0 .0 -
-0.1
4020 30-40 -30 -20 -10 0 10
(a) z (nm) (b) z  (nm)
AIGaAs/GaAs
Lz = 10 nm; x = 0.30; Ld = 4 nm; Field = 50 kV/cm
0.4
0 .3 -
0 .2 -
2
cI
0 . 1 -
Ü
0 .0 -
- 0.1
10 20 30  40-40 -30 -20 -10 0
(c) z (nm)
176
Figure 6.5 The nomialized ground state wavefunction of EQW (w = 0.3, = 100 Â,
and = 0 Â) with F = 0 —> 70 kV/cm.
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Figure 6.5
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Figure 6.6  The nomialized ground state wavefunction of EQW (w = 0.3, = 100 Â,
and Lj = 20 Â) with F = 0 —> 70 kV/cm.
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Figure 6.6
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Figure 6.7 The nonuaiized ground state wavefunction of EQW (w = 0.3, -  100 Â,
and Lj = 30 Â) with F = 0 —> 60 kV/cm.
Ld=30 F=0
Lz=100A x=0.3
0.30
  electrons
 heavy holes
 light holes0.25
0.05
0.00 -40 -30 -20 -10 0 10
Position (nm)
(a)
Ld=30^ F=20
Lz=100A x=0.30.30
electrons 
heavy holes 
light holes
0.20
w  0.15
ra 0.10
0.05
0.00 -40 -30 -20 -10 0 10
Position (nm)
20
Ld=30 F=10
Lz=100A x=0,3
0.30
electrons 
heavy holes 
light holes0.25
2§ 0.20
IIra 0.10
0.05
0.00-40 -30 -20 -10 0 10 20 30 40
(b)
Position (nm) 
Ld=30 F=30
L z . io o  A X.0.30.30
electrons 
heavy holes 
light holes0.25
3  0.20 w
I  "Ig  0.10
0.05
0.00 -40 -20 -10 0 10
Position (nm)
(c) (d)
181
Figure 6.7
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Figure 6.8 The nonnalized ground state wavefunction of EQW (w = 0.3, -  100 Â,
and Lj -  40 Â) with F = 0 —> 50 kV/cm.
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Figure 6.8
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Figure 6.9 The normalized ground state wavefunction of EQW (w = 0.3, = 100 Â,
and Lj = 50 Â) with F = 0 —> 30 kV/cm.
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Figure 6.9
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Figure 6.10 The normalized ground state wavefunction of EQW (w = 0,3, = 100 Â,
and Lj = 60 Â) with F = 0 -> 30 kV/cm.
Ld=60 F=0
Lz=100 A x=0.3
0.30
electrons 
heavy holes 
light holes0.25
g  0.20
O 'œ
c
0.15Üc3
IJ  0.10
0.05
0.00-40 -10-30 -20 0 10 20 30 40
(a) Position (nm) 
Ld=60 F=10
Lz=100 A x=0.3
0.30
electrons 
heavy holes 
light holes0.25
0.20cr
0.15
CO 0 .1 0
0.05
0.00 40-10 0 10 
Position (nm)
-20-30-40
187
Figure 6.10
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Figure 6.11 The exciton Stark shift, ÀE = Eg^^F) -  Eg^g(F-O), is shown for applied 
fields (F) up to 50 kV/cm for an as-grown square (L  ^ = 0), two 
interdiffused (L  ^= 20Â and 40Â) AlggGaq^As/GaAs QWs (L  ^= 100Â), and 
an "equivalent" square-QW (w=0.3, = 86Â, = 40Â),
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Figure 6.12 The TE polai'ized absorption coefficient of the IS exciton for (a) an as- 
grown squai-e (L  ^ = 0) and (b) an interdiffused (L,, = 40Â) 
AIq jGa^ yAs/GaAs QW (L, = lOOÂ) for applied electric field of (i) 0 
kV/cm, (ii) 30 kV/cm, (iii) 40 kV/cm, and (iv) 50 kV/cm.
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Figure 6.13 The TE polarized electroabsorption spectra, Aa = a(F) — a(F=0), of 
AlQ^Ga^yyAs/GaAs QW (L^  = 100Â), at electiic field of F = 10 kV/cm 
(solid), 30 kV/cm (dash-dot), 40 kV/cm (dot), and 50 kV/cm (long dash) 
for interdiffusion length of (a) = 0Â, (b) = 20Â, and (c) = 40Â.
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Figure 6.14 The maximum change of absoiption, which is obtained from
Figure 6,13, as a function of F for = 0 (solid), 20 Â (dot-dash), and 
40 Â (dot).
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Figure 6.15 The TE polarized field induced change of refractive index spectra, Anp, of 
^^0 .3 ^ 8 0  ^ As/GaAs QW (L  ^ = 100Â), at = 0 (solid), 10 Â (dot-dash), 
20 Â (dash), 30 Â (long dash), and 40 Â (dot) for applied electric field of 
(a) F = 30 kV/cm and (b) F = 50 kV/cm.
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Chapter 7
Subband Structures and Optical Properties in Strained
NSQW Structures
7.1 INTRODUCTION
It has been demonstrated in the previous five chapters that the interdiffusion 
induced non-square QW süuctuies in the AlGaAs/GaAs material system are clearly of 
interest for its applications in optoelectronic devices. The presence of strain in as-grown 
QWs provides an additional degree of flexibility in modifying the optical properties of the 
material for device applications [7.1] and its combination with interdiffusion induced QWs 
provides even gieater versatility in device design. This versatility arises since the 
properties of these stiained NSQW structures aie governed by the QW confinement 
profile, which is affected by the presence of strain [7.2 - 7.5], The cuiTent advances in 
molecular beam epitaxy and metalorganic vapoui- phase epitaxy enable the growth of 
high-quality lattice-mismatched semiconductor QW heterostructures [7.6]. InGaAs/GaAs 
and InGaAs/InP aie süained-layer material systems that offer the potential of photonic 
applications at longer optical wavelengths (« 1 pm) than the lattice-matched 
AlGaAs/GaAs system (~ 0.8 pm), and can also be integiated with GaAs electronics. 
Various studies have been canied out investigating the potential use of strained QW 
heterostructuies, such as optical waveguides [7.7,7.8], optical modulators [7.9,7.10], and 
photodetectors [7.11]. Selective disordering of strained QWs is also a very promising 
candidate to improve device performance and the monolithic fabrication of optoelectronic 
integrated circuits.
However, theoretical reports for the subband structure and optical properties of the 
InGaAs/GaAs and InGaAs/InP strained layer interdiffusion induced NSQWs are limited 
and available only for the ground states [7.12]. In this chapter, calculations are presented 
for all the subband states and the polarization dependent interband absorption coefficients
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at the Brillouin zone centre T, for an Ino ^ Gao gAs/GaAs single EQW at room temperature. 
Valence subband-mixing is taken into consideration through an effective Hamiltonian but 
the effect of excitons and an applied field are not considered here. The interdiffusion 
induced strained effect on the confinement profile and the lowest subband edge of an as- 
grown InQsaGaq^yAs/InP is also studied. The methods used to calculate the subband 
structures and absorption coefficients are very similar' to tliose developed in chapters 3 
and 4.
7.2 SUBBAND STRUCTURE OF InGaAs/GaAs EQW
In lattice-mismatched InGaAs/GaAs QW heterostructures, the mismatch between 
the well and barrier materials is taken up by uniform elastic strain if the layers are 
sufficiently thin [7.13]. In pseudomorphic strained-layer QW structures the in-plane 
lattice constant of the sUucture matches that of the substrate so that the well layer 
(InGaAs) accommodates all of the strain, while the barrier layer (GaAs) is unstrained 
[7.14]. Within the critical thickness regime [7.15], the QW lattice constant parallel to the 
interface matches the in-plane lattice constant by compression or expansion in the 
interfacial plane. A tetragonal deformation also takes place so that the QW layer is 
compressed or expanded in the direction perpendicular* to the interface [7.16], so that the 
QW is coherently strained with a biaxial hydrostatic strain parallel to the interfacial plane 
and a uniaxial shear strain perpendicular' to the inter'facial plane. A compressive (tensile) 
hydrostatic strain causes an increase (decrease) in the bandgap energy by an amount 
determined by the hydrostatic deformation potential, defined as the shift in energy of the 
band edge per unit hydrostatic strain. The uniaxial (shear) strain disrupts the cubic 
symmetry of the semiconductor and lifts the degeneracy of the heavy hole (HH) and light 
hole (LH) band edges at the Br-illouin zone centre F. The heavy hole band moves towards 
(away from) the conduction band and the light hole band ruoves away from (towards) the 
conduction band [7.17]. In addition, the presence of str-ain induces coupling between the 
LH valence band and the split-off band [7.18].
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7.2.1 Confinement Profile of InGaAs/GaAs EQW
The process of interdiffusion in InGaAs/GaAs single QW structures (Figure 7.1) 
is assumed to result in the interdiffusion of Group III (In and Ga) atoms [7.19] which is 
characterized by a diffusion length L ,^ as defined earlier.
After interdiffusion, the In concentration, w(z), across the InGaAs/GaAs QW 
structure has an error function profile, given by:
Lj + 2 z  Lj —2 z  /w(z) = , (7.1)2 4L, 4L,
where z is the growth direction, is the well width, with the QW centred at z = 0. The 
composition profile in the QW structure after interdiffusion implies tliat the carrier 
effective mass, the bulk bandgap, and the hydrostatic and shear' strains all vary 
continuously across the QW. Consequently, the car'rier effective mass, w*,.(z), is 
z-dependent and is obtained from -  m*,.(w = w), where m%(w) is the canier bulk 
effective mass, and r denotes either the electron (C), heavy hole (V=HH), or light 
hole (V=LH). The unstrained bandgap in the well, Eg(w), is also a function of the 
composition profile, so that the unstrained potential profile after interdiffusion, AE^(w), 
varies across the well, see Figure 7.2, and it is given by:
AE/w) = Qj. AEg(w = w), (7.2)
where Q^  is the band offset ratio and AEg is the unstrained bandgap offset. The in-plane 
strain across the well, e(w), will also vary so that the str'ain effects are also z-dependent. 
Assuming tliat the growth direction z is along <001>, then for the biaxial stress parallel 
to the interface the strain components, after interdiffusion, are given by [7.16] :
Gxx = 6yy = e(w),
Ejj = -2[c,2(w)/ci,(w)]e(w), (7.3)
Gxy = Byz = = 0,
where e(w) is defined to be negative for compressive strain, and c,y(w) are the elastic
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stiffness constants.
A change in the unstrained bandgap by an amount Sj^(w), due to the biaxial 
component of strain, is given by :
Sj.(w) = -2a(w)[l -  Ci2 (w)/c„(w)] e(w), (7.4)
where a(w) is the hydrostatic deformation potential calculated from [7.16] :
a(w) = -V3[Cii(w) + 2ci2(w)] Ph (w), (7.5)
where P^(w) is the hydrostatic pressirre coefficient of the lowest direct energy gap Eg.
The splitting energy, S||(w), between the HH and LH band edges induced by the 
uniaxial component of strain is given by :
Sii(w) = -b(w) [1 + 2ci2(w)/Cii(w)] e(w) (7.6)
where b(w) is the shear* deformation potential. The parameters a, b, c^, Ph(w) defined 
above are assumed to obey Vegar'd’s law [7.20], so that their* respective values depend 
directly on the composition profiles across the QW. In the case of InGaAs/GaAs it is 
assumed that the LH and spin-orbit bands are coupled due to the presence of the stress 
while the HH state remains uncoupled [7.18]. The valence band splitting at the zone- 
centre F for the HH band and for the LH band (which includes mixing with the split-off 
band) are then given by [7.21] :
S|ihh(w) ~ S||(w) (7.7)
S„lh(w) = -F 2 [S„(w) + A,(w)] -  F2[9{S„(w)}" + {A,(w)}' -  2S,;(w)A,(^)]^ (7.8)
respectively, where A^(w) is the spin-orbit splitting.
The QW confinement potential after* the interdiffusion, U /z), is obtained by 
modifying the unstrained potential profile, AE^(x), by the variable str*ain effects, and is 
given by :
U,(z) = AE/w) -  Sjj(w) ± S,ir(w) (7.9)
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where Sjj(w) = Sj^(w), the ’+’ and signs represent the confined HH and LH
profiles, respectively, and Snc(w) = 0. Thus, due to the presence of strain, different 
confinement potential profiles result for the HH and LH (as well as spin-orbit) bands, 
while interdiffusion produces non-squaie, graded profiles, see Figure 7,2. Since the hole 
occupancy of the spin-orbit split-off band is negligibly small [7.22], the details of its 
subband structure are not considered here.
7.2.2 Subband Calculation
The electr on and hole subband stiuctuie at F can be deteimined by considering the 
appropriate Schrodinger equation from the BenDaniel-Duke model [7.23], using the 
envelope function scheme [7.24] with an effective mass approximation. The one-electron 
Schrodinger equation for the interdiffusion induced QW can be expressed as :
where the growth direction z is the confinement axis, \}fj.j(z) is the envelope wavefunction, 
Ejg is the quantized energy level with tire subband energy zero at the bottom of the QW, 
and C = p or q refers to the quantized subband energy levels for the election and holes, 
respectively. This equation is solved numerically by a finite difference method.
The electron-heavy hole ttansition energy, and the electron-light hole
transition energy, Ep^ L» can then be obtained from :
^pqH “  EgHg,(x(0)) + E^p + Ejjjjq (7.11 a)
^pqL ~ EgLjj(x(0)) + E^p + E^ Hq (7.11 b)
respectively, where Eg^y(x(0)), Eg^g(x(0)) are the electron-heavy hole and electron-light 
hole lowest direct bandgap at F after interdiffusion, respectively (see Figure 7.2). The 
overlap integral <YvqlVcp> between the pth conduction subband and the ^tli valence
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subband envelope functions is given as :
(VcJVy,) = /VcpWVyyW dz (7.12)
which is determined numerically by taking = 5000 Â.
Table 7.1 Parameters used in the numerical calculations for In^Ga^ As/GaAs single 
QW structure, a^ is the lattice constant, m^ is the election mass in free 
space.
In^Gai-^As Units Ref
^0 5.6533 + 0.4051W Â 7.16
Cll 11.88 -  3.55w X 10^  ^ dyn/cm^ 7.16
Ci2 5.38 -  0.854W X 10^  ^ dyn/cm^ 7.16
Ph 11.5 -  1.5w X 10"® eV/bar 7.16
b —1.7 — O.lw eV 7.16
*m Q 0.067 -  0.044w 7.21
*
HH 0.340 -  0.070W 7.21*^  LH 0.087 -  0.062W % 7.21
Eg (300K) 1.424 -  1.53w + 0.4w^ eV 7.21
Ao (300K) 0.341 -  0.09w + 0.14w^ eV 7.22
Qc'Qv 70:30 - 7.21
In a QW stiuctuie, heavy and light hole states couple to each other as they are 
away from the T  zone-centre (kn = 0), where kn is the wave vector in the plane of 
the QW layer. This valence-band coupling mixes the LH and HH subbands away from 
k || = 0 and generates band-mixing in the valence subband stiucture which changes the
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effective in-plane masses and density of states [7.27]. The valence band-mixing is 
considered here tlii'ough the use of an effective Hamiltonian [7.28] by an expansion of the 
subband in the k;, diiection as a lineai* combination of the envelop function at k ,|. 
This effective Hamiltonian method to calculate the k|| dispersion is the one used in 
Section 3.2 with the appropriate material paiameters for the InGaAs/GaAs system taken 
from Table 7.1.
7.2.3 Properties of the InGaAs/GaAs EQW Subband Structure
A. Subband Edge (k||)
The EQW parameters and subband edge energies obtained fr om (7.10) for various 
values of L ,^ together with results from an as-grown (Lj=0) squaie-QW (AG-SQW), aie 
given in Tables 7.2 and 7.3 respectively. The number of subband levels increases and 
then* energies is shifted as tlie interdiffusion proceeds. The shifting up and down of the 
energy levels in the EQW can be explained in tenus of a cross over point (COP), which 
is defined as the potential of the non-linear profile (7.9) at the well-baiTier interface, 
UXz=±&iLJ, measured from the well bottom, see Figure 7.1. Below this COP, there is 
an effective well width which is smaller than the as-frown QW width (which causes level 
rising), while above the COP it becomes wider (causes level lowering). An examination 
of the C l and HHl levels in Table 7.3 and the relevant COPs in Table 7.2 for different 
values of shows that, for = 10Â, the energy levels in the EQW are higher than the 
coiTesponding AG-SQW levels since they lie below the COPs, and lower for = 80Â, 
where they are above the COPs. In the light hole case, there is only one bound state, 
which again shows the same tiend with respect to the COP.
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Table 7.2 The QW pai*ameters vaiiation due to diffusion, AU values aie in meV 
except w which is dimensionless and which is in Â.
AG-SQW
Ld=0
EQW
Ld=10
EQW
Ld=40
EQW
Ld=80
AEc 116,2 116.18 73.11 40.31
AEjjh 96.78 96.74 60.47 33.19
AElh 17.72 17.71 7.70 2.94
COPc — 57.35 18.77 3.50
COPhh - - 48.19 15.65 2.90
GOPlh — 12.37 3.01 0.37
x(z=0) 0.2 0.1999 0.1246 0.0683
Table 7.3 The confinement subband energy levels with all the values taken positively 
from the bottom (zero potential) of the respective QWs. The L^’s are in Â.
Level Subband Energy (meV)
AG-SQW
Ld=0
EQW
Ld=10
EQW
Ld=40
EQW
Ld=80
Cl 27.75 32.04 20.15 8.47
C2 98.85 100.89 54.49 23.66
C3 — — 72.56 34.76
C4 — — 40.25
HHl 7,66 11.09 8.58 3.55
HH2 30.15 38.58 24.69 10.33
HH3 65.32 71.01 38,49 16.43
HH4 — 95.50 49.65 21.79
HH5 — 57.55 26.34
HH6 — —— 29.96
HH7 — — — 32.44
LHl 9.82 11.15 5.13 1.77
As diffusion proceeds, the ratio of the COP value to the QW depth reduces, 
effectively widening the QW so that more bound states exist. This implies that, in an
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extensively interdiffused well, a large number of levels are densely packed into a QW 
with very shallow depth and very wide width, and form mini-band like states just below 
the band edge of bulk GaAs. Consequently, the effect of a pseudo-2D staircase like 
density of states smoothen out and the QW structui’e becomes a bulk-like material with 
a reduced band-gap which is slightly less than that of the bulk GaAs. As the 
interdiffusion proceeds, the subband levels are shifted down (with respect to the well 
bottom) and its coiTesponding wavefunctions aie spread out, which are due to the 
widening of the strained confinement profile and a change of the effective mass variation. 
In Figure 7.3 , the \|/  ^ at tlie Cl and HH3 levels for the case of = 40Â shows that the 
probability for the confined caiiiers increases neai* the well-baiiier interfaces and reduces 
at the centre of the well, which demonstiate the widening effect. These results aie similar 
to those found in a trapezoidal QW [7.29].
The interband transitions energy at the subband edge, and the square envelope part 
of the electi’on-hole overlapping wavefunction, |{%lv|/q)| ,^ which is an inner product 
representing the dipole transition selection rule, are depicted in Table 7.4 for various 
values of L .^ For the AG-SQW, the overlapping wavefunction for the diagonal transitions 
are much larger than that of the off-diagonal tiansitions; this corresponds to a reduction 
of the |(\|fpl\j/q)|  ^ by 0.025 in the Cl related transitions. However, the reduction of tlie 
overlap for off-diagonal transitions with regard to the diagonal one is not as pronounced 
in the EQW as in the SQW. For instance from the Cl-HHl to the C1-HH3, in the = 
40Â case, a reduction factor of 0.09 results, which is more than three times the value for 
the AG-SQW case. Also, the C1-HH3 overlapping value for the EQW (L  ^ = 40Â) is 
almost 3 times greater than that for the AG-SQW. It should be noted that the largest 
value of KVptvj/q)!^  in the EQWs is due to the transition C3-HH5; in fact, it is larger 
than the diagonal C3-HH3 transition. The diagonal |(i)fpk)/q)l^  is seen to decrease and 
then increase, and vice versa in the off diagonal cases, as the diffusion proceeds. This is 
due to the square-QW like char acteristic in the smaller and larger cases, and the non- 
square QW like characteristic in the medium cases. These variations of |(i{fpk|fq) 
are similar to those reported in an square-QW with an external electric field [7.30]. 
Consequently an optimal diffusion length may be found for a more favourable off- 
diagonal transition.
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This enhancement of the off-diagonal tiansitions can be explained by the 
orthogonality of the relevant overlapping wavefunctions involved. In the finite baiTier 
SQW, the wavefunctions are represented by standing waves, and therefore a rigid, 
although not strict, orthogonal relationship is obeyed which leads to weaker off-diagonal 
overlapping and a stronger selection rule (p-q = 0 transitions favourable). However in 
the EQWs, the wavefunctions are quite different due to a different confinement profile, 
see Figure 7.3, in which the orthogonality is not so rigid and thus leads to the 
enhancement effect and a relaxation of the selection rule. In addition, the shifting of the 
subband levels due to diffusion modifies the individual wavefunction, which also 
contributes to |(\|/pi\|/q)p.
Figure 7.4 (a) shows tlie change in the in-plane str*ain with increasing L^, while 
Figure 7.4 (b) shows the variation of ground state transition energy for electron-heavy 
hole (Cl-H H l) and electron-light hole (Cl-LHl) transitions with increasing L .^ The 
compressive strain in the well is a maximum when L  ^= 0 and the presence of strain 
increases the separation between the HH and LH subband edges. Thus the difference 
between C l-H H l and C l-LHl transition is gr*eatest for the as-grown QW and decreases 
substantially with increasing L .^ This renders the interdiffusion induced QW structme less 
sensitive to optical polarization. The ground state transition which dominates is the 
C l-H H l and is a result of the fact that the strain in the InGaAs is compressive.
B. Subband structure for finite k,.
The effect of the coupling of the HH and LH subbands for the as-gr own, and the 
interdiffusion induced QW (L  ^ = 40 Â) are shown in Figure 7.5. The HHl subband is not 
altered significantly with the inclusion of valence-band coupling since this subband is 
fmthest away from the LHl subband. As aheady noted, in a compressively strained QW 
str-uctme the uniaxial str*ain splits the HH and LH subbands and thus the mixing effect for 
the ground state hole subbands is reduced. Hence one would expect only a small change 
in the HH effective mass. The non-parabolicity is more pronounced in the case of the 
LHl subband so that a larger change in effective mass is expected. As the interdiffusion 
proceeds in the QW structure, more subbands arise and packing closer together (which is
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demonstiated in the AlGaAs/GaAs system in Chapter 3), but because of sti'ain in the 
InGaAs/GaAs system considered here, the LHl band-edge position is pushed further away 
from the HHl position in tlie band edge line-up, as shown in Table 7.5, and the LHl-HHl 
splitting energy retains a reasonable magnitude for L  ^ < 100Â, These effects render the 
HHl subband exhibits low non-paiabolic and band-mixing effects as compared with the 
LHl subband for L  ^ < 100Â.
Table 7.5 Valence subband-edge line-up for Ing^GaggAs/GaAs EQW (L  ^ 100Â).
Ld(Â) Position
1st 2nd 3rd 4th 5th 6th 7th 8th
0 HI H2 H3 LI
10 HI H2 H3 LI H4 —— ——
20 HI H2 H3 H4 LI —" —— ——
30 HI H2 H3 H4 LI H6 ——
40 HI H2 H3 H4 H5 LI — ——
50 HI H2 H3 H4 H5 LI H6 ——
60 HI H2 H3 H4 H5 LI H6
70 HI H2 H3 H4 H5 H6 LI H7
80 HI H2 H3 H4 H5 H6 LI H7
90 HI H2 H3 H4 H5 H6 H7 LI
100 HI H2 H3 H4 H5 H6 H7 LI
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7.3 SUBBAND-EDGE OF Ino g^aGag^^As/InP PRODUCED BY GROUP DI
INTERDIFFUSION
Lattice matched Ino ^ gGag ^ ^As/InP quantum well (QW) structures are of interest for 
electronic and optical devices [7.31]. Recent advances in epitaxial growth technologies 
[7.32] make it possible to fabricate high-quality InGaAs/InP QW structures, and impmity 
induced disordering may be used to modify their* optical and electronic properties. The 
disordering of InGaAsAnP QW str uctures by different impurity species has recently been 
investigated [7.33,7.34], and it was found tliat interdiffusion of only Group HI atoms can 
be obtained by using Zn as an impurity [7.34], which results in a strained structure. In 
this section the confinement profile produced by Group III interdiffusion of an 
InGaAs/InP QW is shown to be very different from that of disordered AlGaAs/GaAs and 
InGaAs/GaAs QW structmes, which may be of interest for device applications.
In order* to investigate the effect of Group III interdiffusion in InGaAs/InP QWs 
on the confinement subband structure, which is known to influence the electronic and 
optical properties, an undoped as-grown InGaAs single QW lattice matched to 
semi-infinite InP bariiers is considered here. After* interdiffusion the In and Ga 
composition profiles are modeled by eiTor functions [7.35], while Group V interdiffusion 
is considered to be zero. The interdiffusion of In and Ga atoms is characterized by a 
diffusion length L  ^ which is defined as L^  = (Dt)^\ where D is the diffusion coefficient 
and t is the diffusion time. As a result of the graded composition profiles, the QW is no 
longer* lattice matched to the barrier*. Within the critical thickness regime [7.36], the QW 
str*ucture will be coherently strained after disordering [7.34] with a biaxial hydrostatic 
str*ain in the plane of the QW and a uniaxial shear strain perpendicular* to the plane of the 
QW. A compressive (tensile) hydrostatic strain causes an increase (decrease) in the 
bandgap energy whilst the shear* str*ain lifts the degeneracy of the heavy hole (HH) and 
light hole (LH) subbands, so that the HH subband moves towards (away from) the 
conduction band and tire LH subband moves away from (towards) the conduction band 
[7.37]. After interdiffusion the well confinement profile, the carxier effective mass and 
the str*ain effects var*y across the QW str ucture. Under these conditions, the subband-edge 
structme is obtained, using the envelope function scheme, by introducing these variations 
in the appropriate ScW dinger equation, as described in (7.10), which is then solved
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numerically to obtain the subband energy levels, the interband transition energies and the 
envelope wavefunctions.
The bulk bandgap energy, at room temperature, was taken from Ref. 7.38; the 
strain and its effects on the bandgap were determined using equations in Ref. 7.37, and 
the associated material parameters were taken from Ref. 7.39, using Vegard's interpolation 
scheme. Different experimental techniques have resulted in various values for the 
conduction band offset [7.40]; a value of 60% was assumed here.
Figure 7.6 shows the composition, str*ain and potential profiles across the QW 
structure, for a 60 Â well, with a = 10 Â. Ga diffuses into the InP baiiier while In 
atoms diffuse into the QW, forming an InGaP/InGaAs interface, see Figure 7.6 (a). Since 
the InGaP lattice constant is always less than that of InP, a tensile strain arises in the 
barrier near the interface, while the InGaAs well will be under compressive strain since 
the In content is now greater than 0.53, as shown in Figure 7.6 (b). The Group III atom 
composition across the QW structure modifies the shape of the confinement profile, while 
the resultant strain affects both the shape and separation of the conduction and valence 
bands, and the HH and LH potential wells no longer coincide, see Figure 7.6 (c). 
Throughout the disordering process, the confinement profile remains abrupt with a width 
equal to that of the as-grown QW. This abrupt bandgap profile change at the interface 
is due to the different Group V constituent atoms in the two ni-V materials (InGaP and 
InGaAs) and is in contrast to the graded QW bandgap profiles that result from the 
disordering of other material systems with the same Group III constituent atoms, such as 
AlGaAs/GaAs [7.41], or InGaAs/GaAs [7.35]. The bandgap of the bariier near the 
interface is modified, since the bulk bandgap of InGaP is greater than that of InP [7.39] 
and also due to the effects of the strain profile across the interface. In the conduction 
band, the potential at the well centre is higher than at the interface, and tliis gives rise to 
two "miniwells". The In content at the well centre is less than that at the interface so that 
the bulk bandgap at the centre is larger than that at the interface. The compressive strain 
is much smaller at the well centre [Figure 7.6 (b)], so that the strain effects on the 
bandgap are much more pronounced at the interface. The combination of the bulk bandgap 
and the compressive strain effects on this bandgap results in the formation of the 
miniwells. The strain dependent splitting of the HH and LH subbands in opposite 
directions causes the HH subband to have the deepest miniwells and the LH subband to
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end up with an almost fiat-bottomed well. Oui* results indicate that in the case of the HH 
confinement profile, subband states can be supported at energy levels that he within the 
miniwells. A conduction band offset of 40% also resulted in similar confinement profiles, 
including the miniwells, with the well depths altered accordingly.
Figuie 7.7 (a) shows how the strain, at three different points in the QW sti*ucture, 
varies as the interdiffusion proceeds. When interdiffusion starts Ga atoms move into the 
barxier so that the Ga concentration at a point in the barrier close to the interface rises 
sharply, while at a point in the well, close to the interface, it drops sharply, and at tire 
centre of the well it hardly changes. However, subsequent interdiffusion rapidly reduces 
the Ga concentration at the centre of the well as the Ga atoms diffuse deeper into the 
barrier, tending towards a uniform distribution across the structure. The diffusion-induced 
composition behaviour is reflected in the strain variation with L ,^ and explains the three 
curves shown in Figme 7.7 (a). The difference between the str'ain at the well centre and 
the strain at a point in the well close to the interface affects tire depth of the miniwells. 
The interdiffusion stage conesponding to « 10 Â provides the maximum strain 
difference within the well. For the well width considered here the HH miniwells have a 
maximum depth of about 90 meV, around = 10 Â. For « 60 Â and longer, the strain 
at the well centre and at a point in the well close to the interface converge, reflecting a 
more uniform Ga concentration across the well, and for large the miniwells no longer 
exist. It can also be seen that at the interface there is a lattice mismatch of ~*3.1% which 
is almost independent of the extent of the interdiffusion, which is in agreement with 
reported experimental results [7.34].
The ground state electron-HH (Cl-HHl) and electron-LH (Cl-LH l) transition 
energy for various values of are shown in Figure 7.7 (b). The QW bandgap energy of 
this structure is a Cl-HHl transition, and the HHl state occurs in the miniwells for small 
values of L .^ As the interdiffusion proceeds the bandgap energy decreases, corxesponding 
to a shift to higher wavelengths, as evidenced in experimental results [7.42]. The shift 
to higher wavelengths witli disordering contrasts with the results reported for disordered 
AlGaAs/GaAs [7.43] and InGaAs/GaAs [7.44] QW structures, as well as for InGaAs/InP 
disordered by Sulphur diffusion [7.45], where disordering results in a shift to shorter 
wavelengths.
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7.4 INTERBAND ABSORPTION COEFFICIENT OF InGaAs/GaAs EQW
7.4.1 Absorption Coefficient with Parabolic-band
In order to demonsti'ate the effect of disordering, the interband absorption 
coefficient was calculated for an InggGaggAs/GaAs single QW for = 100 Â, where 
is the well width, and various values of L^ j. In all cases: valence band offset = 30%; 
refractive index, tij. -  3.67; and the Lorentzian HWHM, F = 5 meV.
The interband absoiption coefficient of the disordered QW as a function of 
wavelength for vaiious values of L ,^ for the TE and TM polaiizations, aie shown in 
Figure 7.8. The absoiption coefficient spectium is a function of the number and strength 
of the allowed transitions, which gives rise to the stmctuie seen aiound the absoiption 
edge. This is paiticulaiiy evident in the TE absorption spectia, shown in Figure 7.8 (a). 
However, the TM absoiption coefficient specba contain less stiucture, since the 
contributions of the HH ti*ansitions to this polaiization aie much less, see Figure 7.8 (b), 
and only one confined LH subband is supported by the stiucture due to the presence of 
compressive stiain. For the as-grown single QW the TE absorption edge is about 50 nm 
above the TM absorption edge, reflecting tlie large energy difference between the Cl-HHl 
and C l-LH l transitions in the stiained QW structure. Both TE and TM specbal absorption 
coefficient cuiwes exhibit a smoother stiuctuie than conesponding ones for the 
AlGaAs/GaAs system [7.46], as shown in Section 4.2.2, since the compressive strain in 
InGaAs/GaAs results in fewer confined subbands being supported.
In the initial stages of diffusion (L  ^= 10 A) the spectral absoiption coefficient is 
very similar to that of the as-grown single QW stiuctuie since the dominant transitions 
hardly change. As the diffusion proceeds the absoiption edge wavelength for both the TE 
and TM polarizations are blue shifted (AX « 40 nm for AL  ^« 40 Â) and the spectral 
absoiption coefficient has more structuie. This is shown by the case of = 0.4L^ and 
reflects the fact that the non-lineai* well potential profile now supports more confined 
states. However, at a larger value of L ,^ (L  ^ = 80 A), although still more confined 
subbands are supported, they are now more closely packed, resulting in a smoother profile 
while the peak absorption is also increased. This behaviour' is of interest for monolithic
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applications where a sharp distinction between transmission(as in waveguides) and 
absorption(as in detectors) is desiied. One such application, demonstiated in a GaAs/AlAs 
MQW system [7.47], is a two-wavelength demultiplexer. For the case shown in 
Figure 7.8 (a), the absoiption edge is shifted by « 80 nm while the peak absoiption 
coefficient almost doubles as changes from = 0 to = 80 Â. Here this shift in 
absorption edge results from the combined effects of compressive stiain and disordering 
and occurs at a wavelength range which is higher than that achievable in AlGaAs/GaAs 
system [7.46]. The results of Figure 7.8 also suggest that it may be possible to achieve 
the same absoiption coefficient for TM and TE polarizations at a given wavelength by 
suitable choice of L .^
Calculations were also caiiied out for different well widths, = 50, 80, and 
100 Â with Lj fixed at OAL^. For strained-layer stiuctuies the well width must not exceed 
the relevant critical thickness [7.48]. It is found that the absorption edge wavelengths for 
both TE and TM polarization are red shifted towards longer wavelengths for increasing 
well widths since as increases the transition energies decrease.
7.4.2 Absorption Coefficient with Valence Subband-mixing
The interband absoiption coefficient for an undoped QW structure is obtained from 
the dipole approximation [7.31], which is similar* to the one derived in chapter 4 and is 
given as :
a(ca) = . , (7.13)
?=AA 471
where Eq is the vacuo static dielectiic constant, e is the electionic charge, n^ is the 
refractive index, Cq is the velocity of light in vacuo, ê is a unit vector in the dii*ection of 
polarization of the optical field, and Mpq(k|,) is the momentum matiix element between 
the pth conduction subband and the qth valence subband. In evaluating tire expression the 
5 function is replaced by a Lorentzian, which represents a broadening factor due to 
interband relaxation by carrier-caiTier scattering.
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The interband absoiption coefficient of the interdiffusion induced QW for various 
values of L<j for both the TE and TM polarizations was detemiined using Eq,(7.13) and 
the results are shown in Figure 7.9. The absorption coefficient spectium is a function of 
the number and strength of the allowed transitions, which gives rise to the structme seen 
around the absoiption edge, which is pardculariy evident in the TE absorption spectra, 
shown in Figure 7.9 (a). However, the TM absorption coefficient spectra contain less 
structure, since the contributions of the HH transitions to this polarization are much less, 
see Figure 7.9 (b), and only one confined LH subband is supported by the stiucture due 
to the presence of compressive strain. For the as-grown single QW the TE absorption 
edge is about 50 nm above the TM absoiption edge, reflecting the large energy difference 
between tire C l-H H l and Cl-LHl transitions in the strained QW structure.
In the initial stages of interdiffusion (L^ j = 10 Â) the spectral absorption coefficient 
is very similar* to that of the as-grown single QW stiucture since the dominant transitions 
hardly change. As the interdiffusion proceeds, the absorption edge wavelength for both 
the TE and TM polarizations shift to a shorter wavelength (AX » 40 nm for* AL  ^* 40 Â) 
and the spectral absoiption coefficient exhibits more stiucture. This is shown by the case 
of Lj = 40 À and reflects the fact that the non-linear* well potential profile now supports 
more confined states. However, at a larger value of diffusion length (L  ^ = 80 Â), 
although still more confined subbands are supported, they are now more closely packed, 
resulting in a smoother profile. For* the case shown in Figure 7.9 (a) tire absorption edge 
is shifted by « 80 nm as L  ^ changes from 0 Â to 80 Â. This shift in absorption edge 
results fiom the effects of interdiffusion and compressive strain. Interdiffusion in a 
strained QW structure not only changes the bulk bandgap, but also alters the strain in the 
str*uctur*e so that the strained bandgap of the interdiffusion induced QW, and hence die 
absorption edge, is determined by interdiffusion and strain. This combined effect results 
in a shift in the absorption edge wavelength which is larger in a strained QW structure 
than in a lattice-matched QW structure. Thus strained QW structures can offer a higher* 
sensitivity in tailoring the absorption edge.
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7.5 SUMMARY
In summaiy we have modeled the sti'ain and confinement potential profile that 
result after disordering of a lattice matched InGaAs/InP single QW, by assuming an error 
function profile for the cation interdiffusion, and zero interdiffusion of the anions. 
Distinctive features emerge from this study. The structure maintains an abrupt confinement 
profile even after significant interdiffusion, which is different from other material systems 
such as AlGaAs/GaAs and InGaAs/GaAs. A large strain build-up across the well results 
in the early stages of interdiffusion. The effects of this strain combined with the bulk 
bandgap profile inside the well gives rise to miniwells at the bottom of the potential wells. 
The HH well can support states within these miniwells. This novel confinement profile 
may be of use in both electronic and optical device applications.
The results presented here show that the shape and position of the absorption edge 
are more sensitive to variations in well shape caused by the interdiffusion process than 
to the QW tliickness, while the peak absorption is strongly influenced by both the shape 
and thickness of the well. Disordering can be an attractive proposition in tailoring the 
absorption edge of strained QW strirctures to desired wavelengths. These results may be 
useful for polarization-sensitive applications.
In this chapter results of the polarization dependent optical absorption spectra for 
interband transitions in a non-square InGaAs/GaAs single-QW structure have been 
presented. Tlrey show that the shape and position of the absorption edge are sensitive to 
variations in well shape caused by the interdiffusion process. Compressive strain results 
in a more pronounced anisotropic absorption which can be useful in optical modulation 
or switching. Interdiffusion can be an attractive proposition in tailoring the absorption 
edge of strained QW structures to desired wavelengths. These results may be useful for 
polarization sensitive applications.
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Figure 7.1 The confinement potential profile for the electiond and heavy holes in an 
InGaAs/GaAs EQW (L  ^= 100Â) with various L ,^ the ground states C l and 
HHl aie show and also the cross over point (COP), which is described in 
the text. L,i = 0Â (_______________), 10Â-(-------------- ), 40Â (——•••),
80Â (——•—^ *—),
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Figure 7.2 Schematic diagram showing the effects of strain and disordering on the 
earner confinement profiles in a disordered Inq ^ ASq gAs/GaAs single QW, 
for = 15 Â. The dashed lines represent the unstrained bandgap after 
disordering, and the dot-dash line shows how the unstrained bandgap is 
modified by the effect of the hydrostatic strain. The solid line represents 
the final election (C), HH and LH confinement profile. Note that for the 
election confinement profile, the dot-dash and solid lines coincide. All 
ternis are with reference to the centre of the well, z = 0.
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Figure 7.3 V|f^  for Cl and HH3 subband in the EQW (w„ = 0.2, L, = 100 Â,
Lj = 40 Â).
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Figure 7.4 Variation of (a) in-plane strain and (b) ground state transition energy, with
W
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Figure 7.5 Valance subband stiucture of a 100 Â wide Ino^Ga^gAs/GaAs single QW 
for (a) Lj = 0, and (b) = 40 Â. The zero energy is taken as the bottom
of the HH confinement profile.
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Figure 7.6 Profiles of (a) composition, (b) strain parallel to the QW plane, (c) HH, 
LH, and electron(C) confinement potential for a well width of 60 Â, 
Lj = 10 A, conduction band offset of 60%, with the well center at z = 0.
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Figure 7.7 (a) Strain vai'iation with at three points in the QW stiucture: (i) in the
baniera and close to the interface, (ii) at the well center, (iii) in the well 
and close to the interface; (b) ground state transition energy variation with
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Figure 7.8 Spectral absorption coefficient curves for a 100 Â wide single
In  ^2 GBo 8As/GaAs disordered QW for (a) TE polarization and (b) TM
polarization for a range of diffusion lengths: = 0 Â (solid line),
Lj = 10 Â (dashed line), = 40 Â (dotted line), = 80 Â (dotted dash
line).
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Figure 7.8
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Figure 7.9 Absoiption coefficient for a 100 Â wide InQ^Ga^gAs/GaAs single QW for 
a range of interdiffusion lengths L^ . (a) TE polarization and (b) TM 
polarization.
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Chapter 8
Conclusions and Future Work
8.1 CONCLUSIONS
The model for the optical properties of non-squai'e quantum wells (QWs) 
developed here has several features which aie not included elsewhere, such as a variable 
effective mass across the QW and valence subband-mixing. The use of the hyperbolic 
confinement profile has the advantage of being able to determine the bound states 
analytically, and has proven to be useful for closely pack levels. Also the results of this 
model are a good approximation to the more conect theory which uses the eiTor function 
profile and therefore the subbands can only be solved numerically with the consequential 
increase in computational complexity.
The application of this model to the optical properties of disordered QW structui'es 
is the basis of the results presented in this thesis. In paiticular these results have shown 
that the optical properties of QWs, such as tlie spectial absoiption coefficient and the 
refractive index which aie of importance for the design of efficient photonic and 
optoelecti'onic devices, may be varied from that of the as-grown square QW by 
disordering (i.e. interdiffusion across the well baiiier interface). The behaviour of the 
non-square QW during the various stages of interdiffusion has also produced interesting 
results which were not fully understood at the start of this project. In particular', during 
the initial stages of interdiffusion the width of the well at the top is significantly greater 
than at the bottom and this effect results in the introduction of additional bound states in 
the QW which in turn lead to a modified absorption coefficient and refractive index. 
Also, during this initial diffusion stage, tire depth of the QW does not change significantly 
so that the band-edge shift is minimal. As the interdiffusion proceeds, the well depth 
decreases and the newly created bound states that were created at the top of the well 
moves into the continuum with the changes in absorption and refractive index that would
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normally be expected for disordering. The exciton absorption coefficient with no applied 
field for TE polarization show an enhanced oscillator strength, in the more extensively 
disordered QWs, which is due to the increasing density of states and the merging of the 
heavy and light hole excitons resonance. Whilst the change of refractive index is 
primarily concerned with the variation of the density of bound states in the QW, this 
variation due to the continuum states also ha5 to be included to produce an accurate 
picture of these refractive indices, especially since their' absolute changes are small. For 
the disordered QW at small L ,^ the bhefringence is small at long wavelengths (> 1 pm) 
and relatively larger at wavelengths ar ound the absorption-edge which provides interesting 
features for waveguiding and modulation applications, respectively.
The quantum confined Stark effect is also analyzed for the disordered QW using 
the model developed here, which includes the effect of exciton absorption for both TE and 
TM polarizations. Results show that an enhanced Stark shift in the disordered QW, which 
is twice that produced by a equivalent square QW. Also the fundamental exciton 
absorption peak is reduced much more than that in the square QW case because of the 
heavy holes beconT^ unbound, which is due to the confinement effect of the bari'ier in the 
disordered QW vanisli^arlier by the same applied field, thus demonstrating an
advantage of using a disordered QW structure. These results are important since they 
provide improved character'istics for the optical properties of QWs. Tunnelling is another 
important consequence of the disordered QW, since the bari'ier of a disordered QW is not 
a sharp abrupt wall (as in the case of square QWs) but is in fact a non-linear profile 
which is smooth and flatter. Consequently the tunnelling properties differ from those of 
an abrupt bari'ier, as described by classical quantum mechanics. This gives a unique 
characteristic to the disordered QWs due to field induced tunnelling which cannot be 
achieved using square QWs and may be especially applicable to devices utilizing 
tunnelling. For far' IR wavelengths up to « 20 pm, the non-linear optical absorption due 
to the intersubband transitions results an approximately constant absorption peak 
magnitude and width for the different stages of interdiffusion. The peak position of the 
intersubband transitions varies from 12 pm to 50 pm with increasing interdiffusion which 
gives a huge tuning range of approximately 40 pm. The effect of interdiffusion on the 
built-in compressive strain of an InGaAs/GaAs QW results in a reduction of the overall 
interband transition energies and the band-gap of the QW, which provides tuning of the
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absorption-edge at wavelengths around 1 pm. Although the effect of interdiffusion would 
increase the band-gap, this stmctuie still provides a strong photon lateral confinement at 
these wavelengths.
In response to the needs of optoelectronic integrated circuits (OEICs), devices 
fabricated by using selectively disordered QW structur*es, as discussed in this thesis, allow 
a planar* technology to be used for the fabrication of such OEICs. However, it may also 
provide a means for improving device performance and the development of novel optical 
devices based on the properties of the non-square QWs. The model developed in this 
thesis is only concerned with the optical properties of the disordered QWs for applications 
in photonic and optoelectronic devices, such as waveguides and modulators, which are the 
fundamental optical components used in OEICs.
In order to provide optical lateral confinement in a planar QW environment, a 
significant refractive index step between the optical guiding region (lightly disordered QW 
with a lar ger refr active index) and the confining region^extensively disordered QW with 
a smaller refractive index), and it is also important to be able to predict how this step 
would vary with interdiffusion as the value of diffusion coefficient for the two regions is 
different. A simple model uses Moss’s nile which relates the band-gap to the refractive 
index of a material, i.e. they are inversely proportional. Since for the AlGaAs/GaAs and 
InGaAs/GaAs material systems, interdiffusion (disordering) always produces an increased 
band-gap in the well and a decreased band-gap in the barrier, the requfred refractive index 
step is produced by this process. The model preserrted in chapter 5 shows that the 
realistic situation is much more complicated and subtle; for instance this refractive index 
step depend on the wavelength and polarization of tlie optical beam, the extent of 
interdiffusion and the waveguide structure used.
For the case of a planar* waveguide geometry where light is propagating along the 
layer of the QWs, the polarization sensitivity is as strong as with conventional square QW 
str*uctures. The advantage of using this geometry is to provide a longer interacting length 
of the optical signal and the QWs. The effect of interdiffusion should reduce this 
polarization factor and guiding should be found for both polarizations, as expected by 
conventional wisdom. The results indicate refractive index for the TE and TM 
polarization var*y differently with interdiffusion due to the fact that the conüibutions from 
heavy and light holes for the two polarizations are different due to a different polarization
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factor for the two type of holes. In chapter 6, it is shown that the use of disordered QWs 
to produce an enhanced ON/OFF ratio will reduce the requiied interaction length than that 
found for square QWs with a prescribed ON/OFF ratio. This makes the disordered 
structures attractive for the integration of small size devices. The QCSE is enhanced in 
this geometry using the more disordered QWs and gives a larger absorption-edge shift, 
which may be usé  ^for the design of modulators with a lower driving voltage. These 
attractive characteristics can be utilized with strong photon lateral confinement for both 
TE and TM polarizations if a lar ge difference of the extent of disordering is used, as 
demonstrated in chapter 5.
For light propagating perpendicular to the QW layers as in the case of absorption 
(reflection) modulators, such as SEEDs, the polarization is less sensitive than that for 
parallel light propagation due to the different selection rules for the allowed transition. 
The results demonstrate that strong photon confinement can be obtained at the longer 
wavelengths (> 1 pm) for both polarizations. However, for wavelengths around the band- 
edge where modulators operate , the refractive index step may become negative, resulting 
in antiguiding. This is because the absorption peaks, due to the different bound states, 
create crossing of the refractive indices for the different of interdiffusion
(especially during the initial stages of interdiffusion) and modifies the trend of refractive 
index step at these wavelengths. Similar* effects may also occur at longer* wavelengths for* 
certain str*uctur*es. Therefore in designing absorption modulators for* normal incident input 
beam and disordered QWs, care should be taken with the appropriate well width and 
extent of interdiffusion. A 100 Â wide well with a small amount of interdiffusion appears 
to provide both requirements, although the str*uctui*es analyzed in this thesis are not 
optimized.
The results presented here have shown that disordering may be used to modify the 
optical properties of selected areas of samples in a contr olled manner* for* the optimisation 
of device char acteristics and tire realisation of new devices.
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8.2 FUTURE W ORK
The model developed in thesis can be applied to other material systems, such 
InGaAs/InP, InGaAs/AlGaAs, and InGaAsP/InP. To make the current model applicable 
to a wider range of devices, the model needs to predict the char acteristics of multiple- 
QWs. This would include realistic QW structures for waveguides and waveguide- 
modulators consists of multiple QWs. The consideration of the disordered multiple-QW 
structures should provide more insight into some of the device properties other than the 
ideal single-QW structure developed here. The interdiffusion process for the multiple-QW 
str ucture should differ from that of the single-QW str ucture, especially for large L ,^ since 
finite source interdiffusion is involved between the well and barrier in the core region 
while at the same time embraced by a background diffusion from the infinite source 
barTier in the cladding regions. In fact a small amount of work has begun and interesting 
results are obtained initially for the confinement profile and subband-edges. The model 
should be extended also to consider complete device structures, which is more realistic 
for the prediction of actual optical parameter, such as the refractive index, absorption 
coefficient, and then* influence under an applied electric field as a function of 
interdiffusion. Carrier injection is an important factor and must be considered for the 
application of the model to modulators (or equally carrier swept away in detectors) and 
for the high speed switching devices, and the effects of phonons, field induced tunnelling, 
and QW structural parameters on the broadening linewidth should also be considered in 
an accur ate account of the absorption peaks. In addition, the effect of Fano resonance for 
excitons with and without the applied field, the valence band-mixing effect for excitons, 
non-homogeneous field, and non-linear* optical effect should also be considered. The 
effect of an applied external pressure, such as that produced by acoustic waves, to induce 
strain in the QWs is of interests to devices with slower* switching rate, such as directional 
couplers. This can be developed in a similar* way as an external modification of the 
subbands, and the existing model of the built-in strain should still be adequate for* a small 
applied external pressure (<10 kbar). These models should also be incorporated into a 
more versatile program for* the purpose of optimization in computed aided design. All 
these improvements of the model and other* effects should be coherently developed along 
side experiments, since only both of these will enable disordered QW devices for* 
optoelectronic integration to be realized.
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